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Chapter I: Cell migration 
 
Cell motility was first describedby the microbiologist Antonie Van Leeuwenhoek, when he 
observed the movements of bacteria under his microscope, more than 300 years ago. This 
mechanism is crucial for bacteria to reach nutrients, adapt to their environment, and escape 
from dangers. In multicellular organisms, cell movements, from one location to another one, 
are also required during many biological and pathological phenomena. This process, called 
cell migration, is essential during embryo development, immunity response, wound repair and 
tissue homeostasis (Ridley, Schwartz et al. 2003).  
 
I.1. Importance of cell migration 
 
During embryo morphogenesis, the establishment of tissues and organs are highly dependent 
on the cell motility. For example, the gastrulation phenomenon involves cell to migrate 
together as a sheet and, this leads to the setting up of three germ layers of the embryo, which 
will constitute future organs (Montero and Heisenberg 2004). Later, the primordial germ cells 
migrate via the gut and divide to develop gonads, in which they will differentiate in mature 
gametes (Kunwar, Siekhaus et al. 2006). In adults cell migration is required for wound 
healing or skin renewal. In all inflammation cases, immune cells must defend the organism. 
Leukocytes might have to migrate from the blood circulation to inflammation sites through 
signals secreted by broken cells and pathogens. Thus, cell motility is critical for immune 
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surveillance (Friedl, Borgmann et al. 2001). Moreover, as this mechanism is involved in many 
biological processes and at all developmental stages, cell migration must be strictly regulated.  
Therefore, deregulation of cell migration can generate serious diseases. During embryonic 
development, migration defects may lead to a number of different pathologies including 
mental and physical retardation or congenital heart diseases (Kurosaka and Kashina 2008). As 
cell migration is a critical process for immune surveillance, an increase in the motility activity 
causes autoimmune diseases such as multiple sclerosis, or chronic inflammation. In contrast, 
reduced cell migration leads to immunodeficiencies (Pals, Horst et al. 1989). Moreover, cell 
migration is also implicated in tumorigenesis. Tumour cells are able to metastitize and invade 
healthy tissues (Simpson, Selfors et al. 2008). Two types of cell migration have been 
described. Cells may migrate either individually or collectively (Friedl, Hegerfeldt et al. 
2004). Details on the mechanism involving for these two modes of migration are in the 
following sections.  
 
I.2. Modes of  single cell migration 
 
Cell cultures studies allowed characterising mechanisms of single cell migration. To migrate, 
two types of cell movements have been developed by cells. Depending of their environment, 
cells will either use “swimming” or “crawling” to reach a destination. In a liquid environment, 
cells will swim. It is often the case of unicellular organisms like some protozoans or of some 
eukaryotic cells such as sperm cells. Thus to move these cells require specific structures such 
as cilia or flagella. On the other hand, most of animal cells travel by crawling on a substratum. 
Basically, to move cells have to polarise, and extend a membrane protrusion in the migration 
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direction. The next step is the formation of an adhesion between the extremity of the 
protrusion and the substratum. Through this adhesion, the cell tract on the substratum, retract 
the lagging edge, and finally previous adhesions with the substratum are removed 
(Ananthakrishnan and Ehrlicher 2007).  
According to the innate cell morphology, different modes of single cell migration have been 
described: the mesenchymal and amoeboid cell motility. The nature of the substratum is also 
crucial for the choice in the mode of migration (Knight, Laukaitis et al. 2000, Friedl and Wolf 
2003). A third mode, implicating numerous cells, is collective cell migration (Figure 1) 
(Friedl, Hegerfeldt et al. 2004).  
 
Figure 1: Different modes of cell migration. 
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Top and middle schemas represent amoeboid and mesenchymal single cell migrations, 
respectively. Bottom panel shows a group of cells migrating together. Adapted from (Friedl 
and Wolf 2010). 
 
I.2.1. Amoeboid migration 
 
Cells using amoeboid migration present a round shape (Figure 2 right). To maintain this 
morphology cells require strong cell contractility. During this type of migration, cells weakly 
interact and do not degrade the substratum, but squeeze between one another. Thus, cells 
migrate faster than mesenchymal cells undergoing migration. The environmental pressure 
allows cells to migrate, by pushing on its side the plasma membranes. However, when cells 
can interact with the matrix, the leading adhesion drives the translocation of the cell body 
from the rear to the front (Lammermann and Sixt 2009).  
Amoeboid movements are permitted via the formation of protrusions, called blebs. Actin 
cytoskeleton, which controls the cell shape, is closely localised to the plasma membrane. 
Cells using this mode of migration present strong accumulation of the motor protein non-
muscle myosin II to maintain the round cell shape and, to give them contractility properties. 
The formation of blebs is initiated by the separation between the cortical actin cytoskeleton 
from the plasma membrane. Once the bleb is formed, the actin cytoskeleton reforms at the 
membrane. The recruitment of the non-muscle myosin II causes cell contraction, leading to 




Figure 2: Different morphologies between mesenchymal and amoeboid cells. 
Phase contrast images of mesenchymal K4 sarcoma cell line (left) and amoeboid A3 sarcoma 
cell line (right). From (Pankova, Rosel et al. 2010). 
 
I.2.2. Mesenchymal migration 
 
Many cells use the mesenchymal mode of motility, such as fibroblasts or various cancer cells. 
This type of migration can be divided in five steps: cell polarisation, formation of plasma 
membrane extensions, establishment of adhesions, translocation of the cell body, and 
retraction of the lagging edge (Figure 3). These mechanisms are controlled by many 
signalling pathways and by the environment (Lauffenburger and Horwitz 1996, Friedl and 
Wolf 2003).  
A front/back polarity is established within the cell in the direction of migration. Indeed, in 
response to intra- or extracellular signals, the actin cytoskeleton becomes polarised, with a 
strong accumulation of actin at the leading edge (Mogilner and Oster 1996). Polymerisation 
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of actin filaments (called treadmilling) occurs close to the plasma membrane (Wang 1985). 
Thus, actin filaments push the plasma membrane and give rise to protrusions in the direction 
of the migration. In two-dimensional environment, these extensions are called pseudopodia, 
whereas, when cells migrate in three dimensions, the protrusions formed are filopodia and 
lamellipodia. While, filopodia are very thin and long extensions, lamellipodia are larger and 
flatter (Figure 3a) (Mattila and Lappalainen 2008, Friedl and Wolf 2009). 
Once formed, the protrusion adheres to the substratum, generating an anchoring site allowing 
the cell to pull on the site. Adhesions link the cell via actin filaments to the substratum, 
mature and, become focal adhesion at the basis of the protrusion (Figure 3b). The nature of 
adhesion molecules will depend on the migrating cell type as well as the substratum. Many 
cells move on extra-cellular matrix (ECM) and adhere on it through numerous proteins 
including the integrin protein family. Cells may also migrate under other cells, and thus they 
will adhere on their substrate by cadherin molecules (e.g. in the case of epithelial cells, the 
adhesion is mediated by E-cadherin) (Even-Ram and Yamada 2005).  
Once adhesions formed, cell body is translocated through the contraction of the actomyosin 
cytoskeleton (Figure 3c). The microtubule cytoskeleton also contributes to this process by 
promoting cytoskeletal changes and nuclear translocation. 
To progress on their substratum, motile cells must retract their lagging edge. Stress fibres 
connect focal adhesions from the front and rear of cells, then contract and impair adhesions at 
the rear. Finally, the retraction occurs by the detachment of adhesions at the rear (Figure 3d). 
This migration is slow due to the presence of strong adhesions and the necessity to degrade 
the matrix in order to create a path. The role of the actin cytoskeleton and its partners during 





Figure 3: Mechanism of single cell migration. 
a. Firstly, to move the cell extends a protrusion enriched in F-actin at the leading edge. Both 
types of protrusions, lamellipodia and filopodia, can contribute to cell migration. Actin 
filaments grow in the direction of the migration and push the membrane to form protrusions. 
b. Once formed, the membrane extension adheres to the substratum through focal adhesions. 
c. The contraction of the actin cytoskeleton allows the translocation of the cell body. The 
contraction forces are generated by stress fibres linked to the focal adhesion. d. Finally, to 
move in a forward direction, motile cell retracts its lagging edge. Retraction fibres pull the 
back of the cell in the direction of migration. Adhesions at the rear of the cell are 





I.3. Directed cell migration 
 
Motile cells move in a specific direction through the presence of positive or negative guidance 
signals (Lauffenburger and Horwitz 1996). The persistence in one precise direction of the 
migration may depend on extracellular chemicals (chemotaxis), or physical signals 
(durotaxis), as well as internal regulations. Thus, these mechanisms allow for controlling the 
efficiency of cell migration, and for promoting the formation of protrusions in the good 
direction, since in the absence of guidance cues a cell migrates randomly (Haeger, Wolf et al. 
2015).  
Chemical extracellular signals form a gradient determining the direction of the migration. 
Migratory cells may be able to sense these signals in their environment through specific 
receptors at their surface and thus move towards the highest concentration of these molecules. 
This process is called chemotaxis. As soon as a gradient, even weak, is detected, the cell can 
begin the migration process. In some cases, the nature of the environment can guide cells to 
their final destination. When cells move on the extra-cellular matrix, chemical substances can 
induce cell motility (Porcionatto 2006). Indeed, cells will move up to the highest fibronectin 
concentration. Moreover, the stiffness of the environment also contributes to escort cell 
motility. Most of the time cells will go from the most rigid to the softest substrate (Joaquin, 
Grigola et al. 2016). 
Intracellular signalling pathways also contribute to the polarisation of the actin cytoskeleton 





I.4. Collective cell migration 
 
Much evidence has shown that cells must migrate in interconnected groups in several 
biological processes. During embryo morphogenesis, cell migration involves many cells 
moving together, such as the trachea network branching, salivary glands formation, amongst 
others. Processes of wound healing in adult also required a collective cell migration. More 
recently, the collective cell migration has been involved in tissue invasion by cancer cells 
(Friedl and Gilmour 2009). 
 
I.4.1. Definition of collective cell migration 
 
Cell migration is defined collective when several cells move in a cohesive and coordinated 
manner. During collective migration, cells keep their physical and functional contacts 
between each other. Moreover, to migrate collectively, cell polarisation must happen at the 
level of the entire cell group. So, the dynamics of the actin cytoskeleton need to be 
coordinated between all cells. Therefore, the group of cell may function as a single unit 
(Friedl 2004, Montell 2008).  
Extracellular factors, such as growth factors, chemokines, or ECM components may guide 
groups of cells in one direction. Therefore, a motile group of cells is polarised, and cells at the 
front of the migration, called leader cells, drive the movement of the entire group. Leader 
cells have the ability to detect guidance cues and to form protrusions, which adhere to the 
substratum, and guide the other cells, called follower cells. Leader and follower cells have 
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different morphological shape, gene expression, and actin cytoskeleton dynamics (Mayor and 
Etienne-Manneville 2016). 
For an efficient collective migration, cell junctions are retained within a group, while cells are 
migrating. Several adherens junction proteins can mediate the cohesion between cells from 
one group, including cadherins, integrins and immunoglobulin superfamily members. These 
proteins allow connecting the actin cytoskeleton or intermediate filaments of different cells. 
As many cells involved in collective migration are derived from epithelia, intercellular 
adhesions are often mediated by cadherins (Friedl and Gilmour 2009).  
 
I.4.2. Morphological organisation of collective cell migrations 
 
Different organisations of motile cell groups have been observed (Rorth 2009).  
In two dimensions, cells may move as a sheet across a tissue surface. In this case, cells 
migrate as a monolayer, and maintain close contacts and are still connecting during their 
forward migration. In vivo, collective cell migration of epidermal sheets occurs across a tissue 
surface, and leads to epidermal single layered wound closure (Figure 4a) (Solnica-Krezel 
2005). 
The motility of strand-like groups has been observed in processes such as cancer cell 
invasion, or during the migration of the lateral line in zebrafish (Ghysen and Dambly-
Chaudiere 2007). Clusters of cells may also migrate through tissues, after detaching from their 
origin, as that observed for Drosophila border cell migration (Figure 4b) (Montell 2003). 
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Collective migration may also occur in three dimensional tissue environments as strands or 
groups of cells. Collective cell movements, sprouting and branching, play a role for 
angiogenesis or gland formation (Figure 4c) (Adams and Alitalo 2007, Affolter and Caussinus 
2008).  
Collective movements also comprise non-cohesive groups of cells. For example, neural crest 
cells migrate collectively, but forming loose inter-cellular connections. This type of 
organisation appears elongated and polarised (Figure 4d) (LaBonne and Bronner-Fraser 
1999). 
Generally, in cohesive cell groups, membrane protrusions are mainly emitted by leader cells. 
On the contrary, in non-cohesive cohorts of cells, protrusions may be emitted by all cells. 
However, in all cases, protrusion extensions are favoured in the direction of migration 




Figure 4: Examples of collective cell migration. 
Schemas of different collective migration models are represented in the first column. The 
regions where cells interact are depicted as a red border. Examples of the corresponding 
types of collective movement are shown in the second column. Extension of membrane 
protrusions is indicated by yellow arrowheads. In the third column, examples of these 
physiologic (green background) and pathologic (red background) models of collective cell 
migration are cited. AVE: anterior visceral endoderm. a. Collective epithelial 2D sheet 
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migration; example of intestinal epithelial cells migration (from (Hopkins, Pineda et al. 
2007)). b. Schematic representation of groups of cells migrating together, illustrated by the 
migration of zebrafish lateral line (from (Haas and Gilmour 2006)). c. Representation of 
collective cells migrating like chains; example of fibroblast-leaded squamous cell carcinoma 
invasion (from (Gaggioli, Hooper et al. 2007)).d. Cells migrating collectively but forming 
loose contact between them; example of neural crest cells (from (Rupp and Kulesa 2007)). 
 
I.4.3. Models of collective cell movements in cancer 
 
In 2006, from histopathological analysis of human cancer lesions, the migration of cancer 
cells appeared collective (Christiansen and Rajasekaran 2006). Two years later, the first 
evidence of collective cancer cell migration was described in vivo (Alexander, Koehl et al. 
2008). Collective cancer cells can invade into the stroma as strands, cords or clusters. In vitro 
studies revealed that many cancers may migrate collectively such as squamous cell 
carcinoma, colorectal carcinoma, melanoma, or even breast cancer (Figure 5 right) (Sahai 
2005, Friedl, Locker et al. 2012). 
Many labs study cancer cell migration, in vitro, for example by using invasion or scratch 
assays. However, progress in dynamic live imaging has now allowed for the study of cancer 
cell invasion in vivo, in small animals, in particular in mouse. Several approaches are used, 
such as the skin-flap, intravital microscopy, and optical window models. For the first model, a 
piece of skin is removed above the tissue of interest. Thus, some organs can be accessible, but 
this surgical operation is irreversible and may modify cellular physiology of the organism. To 
avoid this issue, optical transparent glass windows can be implemented by surgical 
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intervention (Figure 5 left). This method allows longer periods of observation. Many organs 
may be observed with this technic, such as abdominal organs, brain and dorsal skin. Recently, 
the evolution of endomicroscopic technics used in mice permit to study cancer progression, 
such as colon cancer, etc. Although small surgical intervention may be necessary, this method 
is less invasive than the first two techniques that impliment increased exposesure (Alexander, 
Koehl et al. 2008, Karreman, Hyenne et al. 2016, Karreman, Mercier et al. 2016). 
 
Figure 5: In vivo models to study collective cancer cell migration. 
The left photography shows an optical window implanted in the dorsal skin of a nude mouse. 
At right, the image, from multi-photon microscope, shows the collective melanoma cells 
invasion. Melanoma cells in green are invading the skin tissue. In this image, blood vessels 
are coloured in red, collagen in grey, nerve fibres in blue, and muscle fibres in orange. 








I.4.4. Models of collective cell movements during morphogenesis 
 
Several organisms coupled with advanced microscopic technics have permitted the 
opportunity to track and study collective cell behaviours in vivo. Examples of collective 
movements during morphogenesis in zebrafishand Drosophila are detailed below. 
 
I.4.4.1. Dorsal closure in Drosophila 
 
During embryonic development in Drosophila, both lateral sides of the embryo stick together 
to form the dorsal closure (Young, Richman et al. 1993). This process, similar to wound 
healing, is a good model to study tissue repair. During dorsal closure, the entire epidermal 
epithelium migrates as a sheet over the squamous epithelial tissue that covers the dorsal side 
of Drosophila embryo and the vitellus, called amnioserosa (Figure 6) (Kiehart, Galbraith et al. 
2000). Therefore, amnioserosa cells contribute to the migration of epithelial cells. Apical 
constriction of amnioserosa cells decreases the apical surface on which epidermal cells must 
migrate. Cell shape of amnioserosa and epithelial cells is modified due to reorganisation of 
the actin cytoskeleton. Leader cells in the epidermis acquire morphology of motile cells, and 
produce protrusions necessary to drive the migration. All cells within the sheet maintain cell-
cell adhesions, as well as cell polarity while migrating. Cells at the leading edges extend 
filopodia, which promote closure between the two segmented epithelial edges (Jacinto, Wood 
et al. 2000, Millard and Martin 2008).The amnioserosa starts to degenerate after dorsal 
closure (Hartenstein and Jan 1992). 
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During migration, leader cells keep epithelial properties (cell-cell adhesion, apico-basal 
polarity, and planar cell polarity). Several signals were identified during dorsal closure such 
as Jun N-terminal kinase (JNK), Wnt and Dpp signalling pathways, and cytoskeleton 
components and its regulators (Glise, Bourbon et al. 1995, Hou, Goldstein et al. 1997, Harden 
2002). The canonical Wnt pathway, signalling through -catenin (Armadillo in Drosophila), 
controls the polarisation of epidermal cells. On the other hand, JNK signalling regulates the 
dynamics of actin cytoskeleton and thus contributes to the formation of membrane protrusion 
by leader cells. In filopodia, DE-cadherin (Drosophila melanogaster epithelial cadherin) and 
microtubules, regulated by the myosin XV, ensure adhesion between the two epithelial sheets 
at the end of the migration process (Jankovics and Brunner 2006, Liu, Woolner et al. 2008). 
 
Figure 6: Dorsal closure of Drosophila embryo. 
INTRODUCTION	–	Chapter	I Page	32	
 
A-D. These confocal images show the successive epidermal hole closure of Drosophila 
embryo expressing α-catenin-GFP. These images represent four steps of the closure: the 
initiation (A);the epithelial sweeping (B); the zippering (C); and the termination (D). LE:  
leading edge epidermis; AS: amnioserosa; VE: ventral ectoderm (from (Martin and Parkhurst 
2004). 
 
I.4.4.2. Collective cell migration of the zebrafish posterior lateral line 
primordium 
 
The lateral line is a sensory system presents in fish and amphibians. In zebrafish, 
mechanosensory organs, called neuromasts, are located over the body. In each neuromast, a 
group of sensory hair cells can detect movements and vibrations in the water environment 
through the deformation of their cilia. The primordium of the zebrafish lateral line is 
composed of more than 100cells, which are migrating along the flank of the embryo, 
directionally from the anterior trunk to the tail (Figure 7A). The entire cohort migrates as a 
polarised and cohesive group of cells through different signals (Figure 7B) (Ghysen and 
Dambly-Chaudiere 2004). The cohort of cells exhibits a front-rear polarity, with leader cells 
extending lamellipodia and filopodia. Follower cells (also called trailing cells) assemble 
rosette-like mechanosensory organs of about twenty proneuromasts, which are deposited 
along the migration path, while the group of cells is migrating. Moreover, two receptors to the 
chemokine CXCL12/SDF-1, CXCR4 and CXCR7, are differentially activated and expressed 
between leading and trailing cells. This collective motility is guided by a chemokine gradient 
of CXCL12, which is expressed along the fish horizontal myoseptum.CXCL12 is recognised 
by the CXCR4 receptor (David, Sapede et al. 2002, Gilmour, Knaut et al. 2004). All cells 
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express CXCR4, but only leader cells activate it to polarise and guide the entire group of cells 
(Haas and Gilmour 2006). The formation of organs progenitors is controlled by the growth 
factor Fgf10 (Fibroblast growth factor), which is express locally by the surrounding tissue. 
Another chemokine receptor is express by cells at the trailing edge, the CXCR7. This last 
receptor could capture Sdf1 and block CXCR4 activity in the trailing edge (Valentin, Haas et 
al. 2007). Indeed, CXCR7 is even responsible for the formation of a self-generated gradient. 
By sequestering CXCL12 at the trailing edge, CXCR7 generates a gradient of 
chemoattractants within the primordium and guide its migration (Dona, Barry et al. 2013). 
 
Figure 7: Collective cell migration of the lateral line primordium in zebrafish. 
A.During migration, from behind the ear (right) to the tip of the tail (left), the primordium 
(white arrow) deposits group of cells (asterisk) that will form the sensory organs called 






cellscomposed of about one hundred cells and migrating directionally.ClaudinB promoter in 
lateral lime primordium cells drives the expression of GFP (Modified from Gilmour’s lab). 
 
I.4.4.3. Collective cell migration during tracheal branching morphogenesis 
in Drosophila 
 
Collective cell migration is required for epithelial tube branching for the morphogenesis of 
many organs, such as blood vessels, mammary glands, nephric ducts, or lungs. In Drosophila, 
the larval tracheal system is composed of hundreds of interconnected tubes. The role of this 
tracheal network is to supply the larva in oxygen (Affolter, Bellusci et al. 2003). Each tracheal 
tube is composed of an epithelial monolayer surrounding a central lumen. The tracheal 
network is formed from ten placodes of the ectodermal epithelium, presents on both sides of 
the body segments in the embryo. Each of these groups, containing about twenty tracheal 
precursor cells, constricts their apical surface that drives placode invagination, and undergoes 
two cell divisions, in order to form a tracheal sac of about eighty cells (Figure 8A). Therefore, 
primary branches grow out from these placodes. The directions of primary branches begin by 
the migration in defined directions of two cells from six fixed positions in each sac. Thus, at 
the tip, two tracheal sac cells (tip cells) lead the migration, produce membrane protrusions, 
and carry four to twenty placodal cells to form the primary branch (Ghabrial, Luschnig et al. 
2003, Affolter and Caussinus 2008). This structure generates the primary branches by directed 
collective cell migration (Figure 8B-C). Finally, forces exerted by the migrating tip cells 
contribute to intercalation of stalk (follower) cells, necessary to the elongation of the branch. 
During tracheal development, only tip cells maintain a polarised shape, and a constricted 
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apical surface, which is in contact with trailing cells. Protrusions are extended from their basal 
surface, enriched in F-actin (Tanaka, Takasu et al. 2004).  
The surrounding tissue secretes a ligand, Branchless, the homologue of an Fgf, which is 
recognised by the receptor Breathless. Tracheal cells express Breathless, and cells with the 
highest level of Breathless activity drive the migration toward the sources of Branchless, and 
remain attached to their tracheal neighbours (Sutherland, Samakovlis et al. 1996). Thus, the 
two tip cells are positioned at the terminal end of the branch, and display a more elongated 
shape combined with the highest protrusive activity than follower cells (Lebreton and 
Casanova 2014). Cells, with no or less Breathless activity, become trailing cells and form the 
branch stalk. Moreover Delta, produced in leader cells activate Notch signalling pathway in 
neighbouring cells to prevent these cells to take the lead position and become tip cells 
(Ghabrial and Krasnow 2006). 
Slit and Robo guidance also contribute to tracheal branching. The two receptors interacting 
with these secreted ligands in the central nervous system are Robo and Robo2. Tip cells from 
different branches express differentially the two receptors Robo and Robo2. While activation 
of Robo2 signalling attracts tip cells to the source of Slit, the Robo signalling contributes to 
repulsive forces of motile tip cells. Thus, balance between promotion and inhibition of 
tracheal migration is required for a correct distribution of branches in the embryo (Englund, 
Steneberg et al. 2002). 
 
Figure 8: Tracheal development in the Drosophila embryo. 
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The development of the embryonic tracheal system starts from 10 placodes of the ectodermal 
epithelium, presents on each side ofthe body segments in the embryo. A. After invagination of 
the tracheal cells and twice divisions, the tracheal sac consists of about eighty cells. B. Six 
primary branches are formed from these placodes. C,D. During development, these branches 
fuse and form the tracheal network, necessary for oxygenation of Drosophila larva. 
(Cabernard, Neumann et al. 2004). 
 
I.4.4.4. Border cell migration in Drosophila 
 
Drosophila ovary is composed of egg chambers at different stages of maturity. At stage 9, a 
cluster of four to eight motile border cells, surrounding two non-motile polar cells, migrates 
from the anterior pole until the oocyte. Egg chambers are surrounded by a monolayer of 
follicular epithelial cells. Border cell clusters delaminate from this epithelial layer, and 
migrate in between sixteen germ cells (Figure 9A and B). Fifteen of them are nurse cells, and 
one becomes the oocyte. Border cells carry two polar cells until the oocyte (Figure 9), where 
they will produce the eggshell structure, called micropyle, to allow entry of sperm (Rorth 
2002). During their migration, border cells maintained DE-cadherin adhesions between them. 
The leader cells produce major membrane protrusions and drive the movement (Montell 
2003). 
Several signalling pathways control border cell migration. First, the polar cells secrete 
cytokine unpaired (Upd) that activates the JAK/STAT module in neighbouring cells, which 
then become the motile border cells. This signal is coordinated with the steroid hormone, 
ecdysone, to determine the correct migrating cells and the timing of the migration (Beccari, 
Teixeira et al. 2002). During migration, border cell clusters are guided by ligands, secreted at 
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highest concentration in the oocyte. Two receptors to these ligands are expressed at the 
surface of border cells, EGFR (epidermal growth factor receptor) and PVR (platelet-derived 
growth factor receptor (PDGFR) and vascular endothelial growth factor receptor (VEGFR) 
receptor related). These receptors contribute to the guiding of  border cell clusters to the 
correct location, in particular by controlling protrusive activity (Duchek and Rorth 2001, 
Duchek, Somogyi et al. 2001, McDonald, Pinheiro et al. 2003, McDonald, Pinheiro et al. 
2006). 
Among other models, Drosophila border cell migration presents many advantages. For 
instance, Drosophila is a good genetically model, and, border cell clusters are composed only 
of six to ten cells, permitting their ease to track. 
 
Figure 9: Collective cell migration of Drosophila border cells in a stage 9 egg chamber. 
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In early stage 9, border cells delaminate from the anterior follicular layer (A), migrate in 
between nurse cells (B), and reach the oocyte by stage 10 (C).Border cell clusters are 
designated by a white arrow. (Lucas, Khanal et al. 2013)  
 
Among collective cell migration examples listed above, Drosophila border cells constitute a 
powerful model to study collective cell movements in vivo. Border cell cluster movements are 
easily imaged in their own environment. Indeed, the dissection of Drosophila ovaries permits 
keeping the entire egg chamber structure unaffected. Another advantage is the number of cells 
involved in this process. Indeed, it allows an easy tracking of border cells compared to models 
involving a hundred of cells like the primordium lateral line in zebrafish embryo.  







Chapter II: The cytoskeleton in cell migration 
 
In eukaryotes, the cytoskeleton is involved in numerous processes such as cell migration, 
contraction, vesicle trafficking, or cytokinesis. The cytoskeleton also has a role in the 
regulation of the cell shape, generating resistance to the cell, maintaining internal structures. 
Additionally, the cytoskeleton allows the interaction between cells within a tissue. Finally, 
during cell migration, it is responsible for the membrane deformation leading to the extension 
of membrane protrusions such as lamellipodia and filopodia (Figure 10) (Le Clainche and 
Carlier 2008). 
 
Figure 10: Confocal images of the lamella region (LM) of fish fibroblasts containing 
lamellipodia (LP) and filopodia (FP). 
Cells were transfected with mCherry-actin. Actin stress fibres (SF) are organised in parallel 
bundles. Scale bar, 10 μm. (Nemethova, Danielisova et al. 2008). 
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Three types of fibres, classified along their diameter, compose the cytoskeleton: actin 
microfilaments, intermediate filaments, and microtubules, each of them having their own 
roles in different cell processes. Many proteins bind these filaments to regulate them, thereby 
contributing to their dynamics. Several biological processes, including cell migration, can 
involve the three types of filaments (Ridley, Schwartz et al. 2003, Rodriguez, Schaefer et al. 
2003, Raftopoulou and Hall 2004).  
In this manuscript, I will focus on the role of actin cytoskeleton during cell migration. Indeed, 
its regulation is crucial for cell movements, including border cell migration in Drosophila. 
 
II.1. Actin Microfilaments 
 
Actin microfilaments measures about five to nine nm of diameter, and are composed of actin 
monomers. The actin is a protein of 42 kDa extremely conserved, and present in muscle and 
non-muscle cells, representing10% of total proteins in eukaryotic cells (Pollard, Blanchoin et 
al. 2000). Actin polymerisation drives the morphological changes that allow cells to undergo 
dynamic processes, such as division, phagocytosis, and migration. During cell migration, the 
regulation of actin dynamics is crucial for the formation of membrane protrusions, and/or the 
establishment of cell-matrix adhesions. Depending on the cell type, different structures of 
membrane extensions, with long or short life-times will be extended, and, cell-matrix 
adhesions will be more or less strong. In a cell, protrusions are structures enriched in actin 
filaments, allowing steps of adhesion, translocation, and retraction; all of which permit cell 
movement (Figure 11A) (Cooper 1991). Several proteins control the actin dynamics, some of 
which participate in the regulation of actin filaments assembly, stability and organisation 
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(Welch and Mullins 2002). During cell migration, actin structures are presents in two major 
types of protrusions: lamellipodia and filopodia (Figure 11A). Depending of its localisation 
within cell, actin filaments are differently organised. For cell migration or invasion, filaments 
can be branched and assembled, such as at the leading edge of lamellipodia, or organised in 
tight parallel bundles like in filopodia. These diverse actin filament organisations generate 
different protrusion structures. Indeed, filopodia are thin, about 0.1 to 0.3 µm, with a finger-
like structure (Mitchison and Cramer 1996, Le Clainche and Carlier 2008). By comparison, 
lamellipodia are thicker sheet-like protrusions. Stress fibres in non-muscle cells represent 
another actin structure. These contractile filaments contain actin and non-muscle myosin II 
bundles, which anchor to focal adhesion sites and generate traction forces to the cell (Figures 
10 and 11B). Anti-parallel organisation of actin filaments is observed in contractile stress 
fibres (Gardel, Schneider et al. 2010).  
 
 
Figure 11: Actin-enriched protrusions at the leading edge of migrating cells. 
A. During cell migration, the font of motile cells can be composed of lamellipodia and 





F-actin occurs at the barbed ends extremities, oriented toward the plasma membrane. F-actin 
appears differently organised in these two types of protrusions. Actin filaments form a 
branched network in lamellipodia, while they are organised in tight parallel bundles in 
filopodia. B. Once cell adhered to the substratum, the nucleus and cell body move forward. 
The motor protein, myosin II interacts with stress fibres, which are linked to focal adhesions, 
in order to produce contraction forces allowing cell displacement. (modified from (Mattila 
and Lappalainen 2008)). 
 
II.1.1. Organisation of actin network in protrusion (Lamellipodia) 
 
The actin cytoskeleton is the key regulator of protrusions, adhesion formation, and retraction. 
Monomers of globular actin (G-actin) associate and polymerise to form filaments. The first 
step is nucleation. It consists of the assembly of oligomers of globular actin. As soon as they 
exceed the size of trimers, they adopt a helical structure, and become thermodynamically 
stable. The polymerisation can occur only if the concentration of monomeric actin is above 
the critical assembly concentration. Then, the elongation phase takes place, in order to form 
filamentous actin (F-actin). During this stage, monomers assemble together, forming a double 
helix of about 28 actin subunits. Microfilaments are polarised, with an extremity, barbed end 
(also called plus end), promoting the polymerisation, and another one, pointed end (also 
called minus end) which favours depolymerisation. Within the cell, the ratio between the 
globular and filamentary actin vary among species. This polarity of actin filaments allows the 
formation of protrusions (Pantaloni, Le Clainche et al. 2001).  
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The actin can interact with divalent cation calcium or magnesium (Ca2+ or Mg2+) as well as a 
nucleotide ATP (adenosine diphosphate) or ADP (adenosine diphosphate). Generally, 
monomeric actin binds Mg2+ and ATP. Then, actin monomers bound to ATP are added at the 
plus ends of filaments. Indeed, the critical concentration of free ATP-G-actin monomers is 
lower at the barbed end than at the pointed end, leading to a faster growth at the barbed end. 
Following, depolymerisation of actin filaments occurs at the extremity pointed end, where 
actin is mainly bound to ADP. The equilibrium of the filament dynamics is achieved when a 
monomer of actin disassembly from the pointed end and polymerisation at the barbed end is 
balanced and maintained by a critical concentration of monomers in the cytosol. This 
phenomenon is called treadmilling. The hydrolysis of ATP associated with polymerisation is 
at the origin of treadmilling and destabilises the filament (Figure 12) (Korn, Carlier et al. 
1987, Reisler 1993). 
 
Figure 12: Formation of actin filament. 
After the actin nucleus is formed, actin filaments elongate by the addition of G-actin 













faster. Actin filaments have a double helix structure. After filament assembly, G-actin, bound 
to ATP, is hydrolysed to ADP. When the dissociation of ADP-actin at the pointed end and the 
adding of ATP-actin at the barbed end are balanced, filaments reached the steady state. 
 
The network of actin filaments is very dynamic. Therefore, if necessary, cells are able to 
adapt their actin cytoskeleton very rapidly and efficiently according to intra- or extra-cellular 
signals. The treadmilling process was well described in living fibroblasts (Wang 1985). 
Indeed, it has been revealed crucial for lamellipodia regulation and thus cell migration. The 
barbed end extremity composed of ATP-actin bound form and, demonstrating faster 
dynamics, is close to the cell membrane. The depolymerisation process is promoted at the 
pointed end, which means at the back of the lamellipodium, behind the lamella. Actin 
monomers released during depolymerisation can be used for polymerisation at the front. The 
actin is continuously dynamic, and oscillates between monomeric and filamentous forms. 
However, in order to maintain this network, polymerisation and depolymerisation processes 
are tightly regulated (Mogilner and Oster 1996, Pantaloni, Le Clainche et al. 2001). 
 
II.1.2. Regulation of actin polymerisation 
 
Several proteins regulate the balance between polymerisation and depolymerisation of actin, 
by interacting with actin monomers or actin filaments. Therefore, these proteins control the 
actin cytoskeleton dynamics according to the cell functions. Below is a review of some of the 




II.1.2.1. Regulation of actin nucleation at the barbed end 
mechanism of treadmilling 
 
The treadmilling of actin monomers is too slow to be responsible for the fast locomotion of 
cells by itself. Several studies have been identified actin binding proteins that accelerate the 
treadmilling process. The following paragraphs detail the molecular mechanisms by which a 
set of proteins (Actin Depolymerizing Factor (ADF) also called cofilin, profilin, and capping 
proteins) cooperate to accelerate the treadmilling rate.  
 
II.1.2.2. Regulation of actin polymerisation and depolymerisation 
 
The polymerisation mainly and efficiently occurs at the barbed end extremity of actin 
filaments. Two groups of proteins contribute to this regulation: promotors of barbed end 




The profilin regulates the actin polymerisation by controlling the concentration of actin 
monomers. The profilin, one of the most abundant actin monomer binding proteins, is 
essential for actin cytoskeleton dynamics, by associating with G-actin to exchange ADP for 
ATP. The complex composed of profilin and ATP-G-actin (ratio 1:1) will associate at the 
barbed end of actin filaments (Figure 14-2). Combined to the role of different actin 
polymerisation nucleators and stimulators (such as cofilin, formins), the treadmilling process 
INTRODUCTION	–	Chapter	II Page	47	
 
is robustly improved. Profilin binds actin monomers and favours the exchange between ADP 
and ATP. Therefore, it allows recycling of ADP-G-actin in ATP-G-actin and increases 
polymerisation. Profilin-actin complexes are localised at the barbed end extremity of actin 
filaments. The profilin is negatively regulated by phosphatidylinositol (3,4)-bisphosphate 




The cofilin (also called ADF for Actin Depolymerizing Factor) is a factor of depolymerisation 
acting at the pointed end extremity of microfilaments. It binds preferentially actin filaments at 
ADP extremity and thereby promotes disassembly of actin filaments at the pointed end 
(Figure 14-1). The concentration of G-actin increases until polymerisation occurs at the 
barbed end extremity, in order to balance depolymerisation. Indeed, G-actin bound to ADP 
will be recycled and added in G-actin bound to ATP at the barbed end extremity. Thus, the 
cofilin activity leads to an increase of growing polarised filaments (Carlier, Laurent et al. 
1997). Cycles of phosphorylation and dephosphorylation regulate cofilin activity. LIM (Lin-
11, Isl-1 and Mec-3) kinases (LIMK) phosphorylate the cofilin and thereby inactive it, while 
the phosphatase slingshot activates cofilin by promoting its dephosphorylation (Arber, 
Barbayannis et al. 1998, Niwa, Nagata-Ohashi et al. 2002). Moreover, cofilin can act 






II.1.2.1.3. Proteins containing the WH2 domain 
 
The Wiskott–Aldrich syndrome protein (WASP) homology 2 (WH2) domain contributes to 
the recruitment of actin subunits on many actin nucleators, including the regulators of Arp2/3 
complex, formins, ciboulot, and cordon bleu, which can promote barbed end assembly. It is 
also found in thymosin 4, which serve to sequester actin (Le Clainche and Carlier 2008).  
The thymosin 4 binds G-actin and thus plays a role in the availability of monomers for 
polymerisation. While the profilin preferentially interacts with the ADP-actin, the thymosin 
4 has high affinity for ATP-actin. By interacting with actin monomers, the thymosin 4 
sequesters them (Figure 14-2). Therefore, the reservoir pool of G-actin induced by the activity 
of thymosin 4 will then serve profilin role in promoting the growth of actin filaments 
(Pantaloni and Carlier 1993). Another protein, ciboulot, shares sequence homology with the 
thymosin 4, but promotes the polymerisation of actin at the barbed end by binding actin 
monomers, like the profilin (Boquet, Boujemaa et al. 2000, Pantaloni, Le Clainche et al. 
2001). 
Spire proteins also contain the actin-binding domain. However, spire is a part of the third 
class of the actin nucleators, after the Arp2/3 complex (see section II.1.3) and the formins 
family (see section II.1.4). Through the four WH2 domains, spire is able to bind four 
consecutive G-actin monomers, to form an unbranched actin filament (Quinlan, Heuser et al. 
2005). Spire may also remain attached at the pointed end to block depolymerisation of actin 





Figure 13: Spire, an actin nucleator. 
The spontaneous nucleation of actin trimers allows the formation of actin filaments. The spire 
proteins are a class of actin nucleators. They contain four WH2 domains allowing the binding 
of four G-actin monomers. Thus, spire proteins lead to polymerisation of unbranched actin 
filament (Goley and Welch 2006).   
 
II.1.2.1.4. Capping proteins 
 
The density of the actin filament network as well as the concentration of G-actin is controlled 
by capping proteins. Capping proteins bind preferentially actin filaments at the barbed end 
extremity of microfilaments, in a calcium dependent manner, and block the assembly of actin 
monomers (Schafer, Jennings et al. 1996). Capping proteins terminate elongation, thereby 
limiting polymerisation of new filaments, and induce an increase of G-actin concentration. 
Thus, uncapped actin filaments will grow faster (funnelling process, Figure 14-3). However, 
some capping proteins also bind the pointed end extremity in order to block depolymerisation. 
Once fixed to this extremity, these capping proteins can form new nucleation sites where 
polymerisation will be initiated. According to the extremity capped, and, to the type of 
capping protein, the polymerisation can be favoured or inhibited.  
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The elongation of actin filaments occurs at barbed ends, in front of the protruding plasma 
membrane in protrusive structures such as lamellipodia, and filopodia (Rafelski and Theriot 
2004). In cells, several capping proteins are involved in diverse processes and are regulated 
by different signalling pathways. The capping protein (CP) is a heterodimer of - and -
subunits and is the homolog of striated muscle protein CapZ. The CP, known to control the 
extension of lamellipodia during cell migration, can interact with F-actin at the barbed end 
extremity to block the growth of microfilaments in non-muscle cells (Figure 14-3). The CP is 
the most ubiquitous and abundant capping protein. The Phosphatidylinositol 4,5-bisphosphate 
(PtdIns(4,5)P2)and the protein CARMIL (capping protein, Arp2/3 and myosin-I linker) inhibit 
actin filament capping by the CP (Schafer, Jennings et al. 1996). Among capping proteins, the 
gelsolin family, including at least gelsolin, CapG, severin, adseverin, villin, advillin, flightless 
I, and brevin control the actin organisation by severing filaments, capping filament ends and 
nucleating actin assembly. These proteins bind the barbed end extremity with very high 
affinity, and thus block the polymerisation at the barbed end of actin fibres. The PtdIns(4,5)P2 
is one inhibitor of gelsolin activity and can promote F-actin growth against the membrane 
(Witke, Sharpe et al. 1995). Twinfilin, another ADP-G-actin sequestering protein that can also 
cap ADP-bound barbed ends, is composed of two ADF-homology domains. Twinfilin binds 
actin filaments at the barbed ends, by a similar mechanism as gelsolin, to promote actin 
filament severing and thus affect cell motility in vitro (Helfer, Nevalainen et al. 2006, 
Paavilainen, Hellman et al. 2007).This function of twinfilin was confirmed in vivo, in yeast. 
Its severing activity is inhibited by capping protein and PtdIns(4,5)P2. As such, this protein 
synchronises processes of filament severing and monomer sequestration at sites of rapid actin 
turnover (Moseley, Maiti et al. 2006). Twinfilin can also intact with CP, where it sequesters 
and maintain actin monomers in ADP-bound form (Palmgren, Vartiainen et al. 2002, Falck, 
Paavilainen et al. 2004). Another family, Eps8 proteins, are able to cap barbed end 
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extremities. In fibroblasts, Eps8 is localised in the cortex region and in protrusions (Scita, 
Tenca et al. 2001). This auto-inhibited capping protein is activated by its interaction with 
Abi1, controlling signalling pathway critical for cell motility (Disanza, Carlier et al. 2004, 
Hertzog, Milanesi et al. 2010). 
However, tropomodulin binds the pointed end extremity and thus stabilises actin filaments. 
This protein blocks the release of G-actin from pointed end of the actin fibre. Thus, during 
cell migration, capping proteins limit actin polymerisation to the region activated by the 
Arp2/3 complex. Therefore, extremities of elongated filaments are re-capped to prevent 
depolymerisation and thus conserve the actin filament within the lamellipodium (Kostyukova, 
Rapp et al. 2005). 
.
 
Figure 14: Regulation of actin filament polymerisation (treadmilling process). 
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1. Cofilin (ADF) binds ADP-G-actin at the pointed end extremity of filaments and promotes 
their depolymerisation. Cofilin activity leads to an increase of monomeric G-actin. 2. Profilin 
binds actin monomers and favours the exchange between ADP and ATP. Profilin enhances 
the recycling of ADP-G-actin in ATP-G-actin and increases the polymerisation at the barbed 
end extremity. Thymosin 4 binds and sequesters preferentially ATP-actin monomers and 
prevents their assembly into filaments 3. Most of capping proteins bind actin filaments at the 
barbed end and block the addition of G-actin at this extremity. At steady state, the 
depolymerisation of capped filaments leads to an increase of monomeric actin 
concentration.(modified from (Le Clainche and Carlier 2008)). 
 
II.1.3. Regulation of branched nucleation 
 
Migrating cells must maintain a constant treadmilling rate necessary for protrusive activity. In 
lamellipodia of motile cells, the complex of nucleation factors Ap2/3 ensures the actin 
filaments elongation. The Arp2/3 complex is composed of seven protein subunits including 
two actin-related proteins (Arp2 and Arp3) and five proteins ARPC1, ARPC2ARPC3, 
ARPC4 and ARPC5 (Higgs and Pollard 2001). Arp2 and Arp3 subunits, bound with actin 
filaments, generate new nucleation sites. The nucleation mediated by Arp2/3 is regulated by 
many proteins, the members of the Wiskott–Aldrich syndrome family of nucleation 
promoting factors (NPFs), such as WASP (Wiskott–Aldrich syndrome protein), N-WASP, 
Scar/WAVE, and WASH. These proteins were identified as Arp2/3 activators under the 
activity of the Rho small GTPase, Rac1 and Cdc42 (Nobes and Hall 1995). These proteins 
regulate actin dynamics in numerous cellular processes, such as cell migration, endocytosis, 
and phagocytosis (Stradal and Scita 2006, Takenawa and Suetsugu 2007). The contribution of 
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these Arp2/3 activators is dependent on the cell type. For example, in fibroblasts, HeLa cells, 
or Drosophila S2 cells, N-WASP is responsible for the formation of filopodia in response to 
Cdc42 (Miki, Sasaki et al. 1998). In contrast to MDCK or MDBK cells, N-WASP localises at 
the lamellipodia and is necessary for their formation (Lorenz, Yamaguchi et al. 2004, Le 
Clainche, Schlaepfer et al. 2007). The other activators WAVE were in charge of lamellipodia 
extensions in response to Rac1 (Miki, Suetsugu et al. 1998). One consensus region of WASP 
in C-terminal (W) associates with actin monomers through WH2 domain, while another one, 
(VCA), is able to bind with Arp2/3 complex through the cofilin homology region and acidic 
tail and thus contributes to new nucleation sites (Takenawa and Suetsugu 2007). The binding 
with Arp2/3 complex activates it. Arp2/3 activators may be activated by several molecules, 
such as PtdIns(4,5)P2, PtdIns(3,4,5)P3, small Rho GTPases Rac1 and Cdc42 (Stradal and 
Scita 2006). NPFs enable the transition of the Arp2/3 complex from its inactive to active 
conformation and also allow the addition of actin monomers to generate new growing barbed 
end. At the front of lamellipodia, Arp2/3 complexes only join onto existing actin filaments, 
and create new sites for nucleation. Thus, complexes formed consisting of G-actin, and VCA 
domain of WASP or WAVE family members bind mother F-actin barbed ends in order to 
form a new filament on the one already present (Boujemaa-Paterski, Gouin et al. 2001). Actin 
polymerisation happens at this new barbed end extremity generating new (daughter) branch at 
about 70° from old filaments (Le Clainche, Pantaloni et al. 2003). This mechanism is crucial 
to form branched actin networks, associating new filaments to old ones. The growing of 
mother and daughter filaments drives membrane protrusions (Le Clainche and Carlier 2008). 
ATP hydrolysis on actin allow the dissociation of Arp2/3 activator, and the second ATP 
hydrolysis on Arp2 induces the debranching of branched filaments, which will be 
depolymerise (Martin, Welch et al. 2006) (Figure 15).The actin filament-binding protein, 
cortactin, helps in Arp2/3 mediated actin polymerisation by linking signalling pathways to the 
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Figure 15: Actin nucleation model at the leading edge of migrating cells. 
Actin (blue circles) filaments grow at the barbed ends in front of the plasma membrane. Actin 
filaments form a branched network (blue polymers). The growth of mother and daughters 
filaments drives the formation of membrane protrusions. The Arp2/3 complex (red circles), 
activated by a protein such as SCAR or WASp (green rectangles) interacts with the barbed 
end of mother filament. Ap2/3 generate a new lateral filament (at 70°), called daughter 
filament (adapted from (Miller 2002)). 
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II.1.4. Organisation of actin network in protrusion (Filopodia) 
 
At the leading edge of lamellipodia, migrating cells may extend other protrusions, called 
filopodia. These protrusions are thicker than lamellipodia, with a structure also composed of 
actin filaments, but differently organised. The finger-like protrusions structures are formed 
beyond the leading edge of protruding lamellipodia to sense the environment. These 
protrusions contain 15–20 parallel filaments that are bundled with their barbed ends facing the 
membrane (Lewis and Bridgman 1992).  
These structures are not only necessary for cell migration, they also play function during 
adhesion to the substratum (e.g. ECM), sensing of chemoattractant gradients, embryo 
development processes, as well as to probe the cell environment. During cell movement, 
filopodia serve in the formation of focal adhesion complexes, by interacting with the 
substratum through integrin molecules. During collective cell migration, interdigitated 
filopodia contribute to the formation of adherens junctions between epithelial cells, for 
example, during dorsal closure in D. melanogaster (Mattila and Lappalainen 2008).  
The Rho small GTPase Cdc42 controls the formation of filopodia (Nobes and Hall 1995). 
Contrary to lamellipodia Arp2/3 complex and branched actin do not contribute to the 
extension of filopodia. The tight structure of filopodia is not compatible with F-actin branched 
network (Lommel, Benesch et al. 2001). However, actin branched network mediated by 
Arp2/3 could be reorganised in parallel F-actin bundles (Svitkina, Bulanova et al. 2003).  
Other important players in filopodia formation are proteins from the formin family. Formins 
are ubiquitous proteins in eukaryotic cells involved in several processes such as cytokinesis, 
endocytosis, filopodia formation, etc. Formin proteins regulate actin cytoskeleton by 
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activating actin polymerisation (Goode and Eck 2007). In human, two proteins have been 
largely involved in filopodia formation, the diaphanous-related formin mDia1 and mDia2. 
These two proteins are localised at the tip of filopodia and are necessary in their formation 
(Peng, Wallar et al. 2003, Pellegrin and Mellor 2005). Formins bind the barbed end extremity 
of microfilaments and allow the addition of G-actin on growing filaments. The presence of 
formins, at the barbed end extremity, prevents the binding of other proteins which block 
nucleation. Three formin homology (FH) domains can be present in formins proteins (FH1, 
FH2 and FH3) (Pring, Evangelista et al. 2003). The FH1 domain allows interaction with 
profilin bound to G-actin as well as proteins containing the Src homology (SH3) domain. The 
rate of actin nucleation is improved by the interaction between profilin and formins. Indeed, 
profilin recruits new actin monomers. The FH2 domain promotes filaments elongation by its 
interaction with the barbed end extremity. The function of the FH2 domain is to stabilise 
dimers of G-actin and thus induce actin nucleation (Figure 16). Moreover, some formins also 
consist of a GTPase binding domain (GBD). This domain interacts and is regulated by protein 
of the Rho small GTPase family, Rac and Cdc42. In this context, an active protein of the Rho 
small GTPase prevents the auto inhibition and favours actin filament nucleation. Interactions 
between C-terminal and N-terminal domains block their binding on actin filaments. 
Therefore, the few uncapped filaments will grow faster, promoting the treadmilling process 




Figure 16: Model of actin nucleation by formins. 
1. Two G-actin-profilin complexes bind forming at barbed end. FH1 domain interacts with 
profiling and FH2 have two contacts with ATP-actin subunits. 2. ATP is hydrolysed, leading 
to a release of Pi and profilin. Then, one FH2 is translocated, allowing the addition of a new 




Myosins belong to the superfamily of actin-dependent molecular motor proteins, and play a 
role in different processes such as cell contraction, cell migration, cytokinesis, trafficking, and 
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phagocytosis. Myosins hydrolyse ATP and use this energy in order to move along actin 
filaments (Sellers 1999).  
Myosins contain three functional subdomains (Sellers 2000):  
- the head domain (NH2-terminal motor domain) which interacts with F-actin and ATP 
globular catalytic head domain;  
- the neck domain which acts as a lever arm, and is required to bind calmodulin and 
light chains;  
- the tail domain (COOH-terminal domain) 
Myosins are divided in 18 classes. In human 12 classes are present, encoded by 40 different 
myosin-related genes. The head domain is the most conserved among the myosins. In 
contrast, the tail domain is variable and confers specific properties to myosins. The 
conventional myosins from class II, identified in 1939, are the most abundant in cells. 
Myosins II are separated in four subclasses:  
- sarcomeric myosin presents in skeletal and cardiac muscle cells; 
- smooth muscle and non-muscle myosin; 
- non-muscle myosin present in protozoa such as Dictyostelium and Acanthamoeba; 
- Invertebrates muscle myosin. 
In eukaryotic cells, non-muscle myosins II are the most widespread. Their roles are crucial to 
generate cortical tension and contractile forces. Moreover, my work is related to this non-






II.2.1. Non-Muscle Myosin II (NMII) 
 
Three NMII heavy chain isoforms (A, B and C) exist in mammals, and consist to different 
NMII heavy chains and shared essential and regulatory light chains. In Drosophila, there is 
only one NMII heavy chain gene, zipper (Mansfield, al-Shirawi et al. 1996).They are 
expressed differently in diverse tissues, and diverge in the kinetics of ATPase activity 
(Kovacs, Wang et al. 2003, Wang, Kovacs et al. 2003) and in subcellular localisations 
(Maupin, Phillips et al. 1994, Kelley, Sellers et al. 1996, Kolega 1998, Golomb, Ma et al. 
2004). 
 
NMII has a bipolar structure, with two globular heads crosslinking with F-actin and 
nucleotides. Each head consists of two Myosin Heavy Chains (MHC, encoded by zipper in 
Drosophila) and of about 170 – 240 kDa, two Myosin Regulatory Light Chains (MRLC, 
encoded by spaghetti squash (sqh) in Drosophila) of 20kDa, and two Myosin Essential Light 
Chains (MELC, encoded by mlc-c in Drosophila) of 17 kDa. MRLC can be phosphorylated 
and thus regulate the activity of the motor domain. MELC play a role as linker between MHC 
and MRLC and thus maintain the structure of the motor domain (Vicente-Manzanares and 
Horwitz 2010). 
As other myosins, the NMII has three subdomains mentioned above. The head domain is 
composed of the two MHC N-terminal regions. This region is also present in the neck 
domain, as well as IQ (Isoleucine and Glutamine) patterns involving in the link between MHC 
and MRLC via MELC. The C-terminal region of MHC is in the tail domain. This domain is 
stabilised by the dimerisation of two MHC in an alpha helix leading to bipolar NMII 
molecules (with two heads) (Figure 17a) (Quintin, Gally et al. 2008). Moreover, helical 
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regions allow for the association of several NMII and thus the formation of minifilaments. At 
the end of this stable tail, there is a region of 40 amino acids non organised in an alpha helix 
(Figure 17b) (Kasza and Zallen 2011). 
 
Figure 17: Non-muscle myosin II structure. 
a. NMII is composed of heavy chains (MHC), a neck, and a tail region. MHC include a 
globular head motor domain that binds both actin and ATP. Myosin essential and regulatory 
light chains (MELC and MRLC, respectively) are linked in neck region. The tail region is 
composed of a C-terminal domain of MHC, and homodimerises to form a double helix, as 
well as a non-helical tail region. This less stable region, directs the subcellular localisation of 
the NMII. b. In non-muscle cells, NMII molecules associates in an antiparallel manner to 
form bipolar minifilaments. NMII interacts between them through their rod domain. Their 
head domain allows the association with actin filaments. Due to the ATPase activity of the 
head region, NMII changes its conformation leading to a movement of actin filaments 
(adapted from (Vicente-Manzanares, Ma et al. 2009)). 
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In the presence of ATP, unphosphorylated NMII bound to ATP is folded into a compact 
conformation. NMII is in its inactive form. Activation of NMII by phosphorylation induced 
by protein kinases such as Rho associated kinase (ROCK) or Myosin light chain kinase 
(MLCK), leads to an open conformation. When NMII is activated, in the extended 
conformation, NMII is unfolded and forms a bipolar filament (Figure 18). In this 
conformation, NMII molecules can associate between them and form filaments (Figure 17b) 




Figure 18: NMII conformation. 
In the inactive state, unphosphorylated NMII forms a compact molecule, by binding its tail 
and head regions (incompetent form, left). Once phosphorylated, conformation unfolds and 
forms the competent form (right). NMII is activated by phosphorylation through kinases such 
as ROCK, MLCK. Myosin phosphatase favours dephosporylation and thus inhibition of NMII 




II.2.2. NMII activity on Actin filaments 
 
NMII activity on F-actin requires several steps (Craig and Woodhead 2006, Kasza and Zallen 
2011).  
First, in the motor domain, one ATP molecule is hydrolysed and leads to the production of 
one molecule of ADP and one inorganic phosphate (Pi). Once the ADP and Pi bound to the 
catalytic domain, NMII interacts with F-actin. 
Then, ADP and Pi are released, allowing a conformational state change of NMII. Indeed, 
NMII head rotates. During this movement, NMII pulls on F-actin thereby inducing its sliding. 
This conformation, called “powerstroke”, creates the movement of NMII on F-actin.  
Thirdly, a new ATP molecule is recruited in the catalytic domain, inhibiting the association 
between NMII and F-actin. Finally, ATP hydrolysis occurs allowing for NMII to recover its 




Figure 19: Actin and NMII interactions. 
1. NMII tightly interacts with actin filament through its head domain (“rigor” state). 2. The 
binding of ATP disrupts the interaction between NMII and F-actin. At this step, the head 
domain hydrolyses ATP. ATP hydrolysis generates a conformational change of head domain. 
The head region pivots, moves toward the plus end extremity of actin filaments, and binds 
again this filament in a new position. 3. The release of phosphate (Pi) leads to a second 
conformational change of the head domain. This mechanism, called power stroke, allows the 
recovery of NMII conformation to its rigor state .Conformational changes of NMII drive its 
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movement on actin filament. 4. Finally, ADP is released. The recruitment of a new ATP 
molecule will allow a new cycle. (adapted from (Rayment and Holden 1994)). 
 
II.2.3. Regulation of NMII 
 
MRLC and MHC can be regulated on several residues to regulate NMII activity. The main 
regulation of its activity involved the phosphorylation of MRLC. Kinases control NMII 
function downstream of small Rho GTPases, such as Rac, RhoA and Cdc42, and 
Ca2+/calmodulin signalling pathways. Rho GTPases downstream effectors such as p21-
associated kinase (PAK), myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK), 
RhoA-associated kinase (ROCK) and citron kinase promote NMII phosphorylation. Rac and 
Cdc42 signalling pathways generally promote actin polymerisation, whereas RhoA, through 
its effector ROCK, activates NMII and drives the formation of actomyosin filament bundles. 
ROCK serves as a master regulator of NMII activity. Calcium (Ca2+)/calmodulin-activated 
kinases, such as myosin light chain kinase (MLCK) and zipper-interacting protein kinase 
(ZIPK) also promotes the phosphorylation of MRLC (Vicente-Manzanares, Ma et al. 2009). 
Two residues of MRLC, Serine 19 and Threonine 18, are known in vitro and in vivo to be 
phosphorylated and to significantly increase the activity of NMII and its binding to the actin. 
Thus, the phosphorylation of these two residues increases the motor activity of NMII. In vitro, 
Serine 19 phosphorylation is more important than Threonine 18 phosphorylation (Somlyo and 
Somlyo 2003). However, the phosphorylation of both residues, individually, promotes actin-
induced Mg2+-ATPase activity. Biphosphorylation on Serine 19 and Threonine 18 allows for 
maximal NMII activation (Ikebe, Hartshorne et al. 1986, Umemoto, Bengur et al. 1989). Once 
phosphorylated, NMII changes its conformation, from a folded to linear structure. The 
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phosphorylation of Serine 19 alone leads to this conformational change, but the 
phosphorylation on Threonine 18 stabilises this structure (Wendt, Taylor et al. 2001). 
Other residues of MRLC can be phosphorylated: Serine 1, Serine 2, and Threonine 9. The 
phosphorylation of these residues is random. But in vitro data showed that the rate of the 
Threonine 9 phosphorylation is higher than phosphorylation on Serines 1 and 2. Second 
phosphorylation happens randomly on Serine 1 or Serine 2 (Ikebe, Hartshorne et al. 1987). 
Furthermore, in vitro, it is also shown that the phosphorylation of a third residue is possible 
and could inhibit the NMII activity. Finally, the regulation by phosphorylation on MHC also 
occurs. Some residues localised in the tail region can be phosphorylated, leading to a 
destabilisation of NMII mini-filaments (Tan, Ravid et al. 1992). 
 
II.2.3.1. Proteins regulating NMII phosphorylation 
 
The phosphorylation of NMII on MRLS is essential to its activity and thus several cellular 
processes such as cell migration. Therefore, several proteins regulate the NMII activity: more 
than a dozen kinases phosphorylate NMII and several phosphatases dephosphorylate NMII. 
Several kinases, which are able to phosphorylate the MRLC and or MHC of NMII and 
activate it, have been identified. Some of these identified proteins include the myosin light 
chain kinase (MLCK; also known as MYLK), Rho-associated, coiled coil-containing kinase 
(ROCK), citron kinase, leucine zipper interacting kinase (ZIPK; also known as DAPK3) and 
myotonic dystrophy kinase-related CDC42-binding kinase (MRCK; also known as 




II.2.3.1.1. Rho-associated Kinase (ROCK) 
 
In mammals, there are two isoforms of ROCK, ROCK1 and ROCK2, and only one in 
Drosophila, ROCK (also called DRok), encoded by the rok gene. ROCKs are protein 
serine/threonine kinases of about 160 kDa. ROCK phosphorylates Serine 19 and Threonine 18 
on MRLC, independently of Ca2+. This kinase also prevents the myosin phosphatase activity 
by phosphorylating its binding domain to NMII, myosin phosphatase targeting subunit 1 
(MYPT1), at two inhibitory sites, Threonine 853 and Threonine 696 (Alessi, MacDougall et 
al. 1992, Kimura, Ito et al. 1996). This kinase is activated by RhoA, a small Rho GTPase 
family member. RhoA also activates citron kinase, which promotes phosphorylation of Serine 
19 and Threonine 18 on MRLC. However, while ROCK is able to phosphorylate the myosin 
binding subunit of the major myosin phosphatase, protein phosphatase1 (PP1), thus 
dephosphorylating NMII, citron kinase can not (Yamashiro, Totsukawa et al. 2003, 
Matsumura and Hartshorne 2008). 
 
II.2.3.1.2. Other Kinases 
 
MLCK phosphorylates Serine 19 and Threonine 18 on MRLC. This process happens in a 
Ca2+/calmodulin dependent manner. The leucine ZIPK is able to phosphorylate the same 
residues as MLCK, and thus its activity has been identified as essential in mammalian 
fibroblast migration (Komatsu and Ikebe 2004). 
MRCK shares the same target as ROCK: MRLS Serine 19 and Threonine 18, as well as 
MYPT1 (Leung, Chen et al. 1998). However, MRCK is regulated by another member of Rho 
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small GTPase Cdc42, and is responsible for the movement of elongated-shape cells (ie 
mesenchymal cells) (Wilkinson, Paterson et al. 2005). 
PAK phosphorylates Serine 19 on MRLC, in a Ca2+independent manner. PAK also 
phosphorylates MLCK to inhibit its activity. Moreover, PAK regulates the atypical protein 
kinase C zeta, which directly phosphorylates NMII-B on MHC Serine 1937, in order to block 
NMII minifilament assembly (Even-Faitelson, Rosenberg et al. 2005). 
Finally, the protein kinase C (PKC) can also phosphorylate Serine 1, Serine 2, and Threonine 
9 on MRLC, reducing the affinity of MLCK for RLC, leading to the inhibition of NMII 
activity (Nishikawa, Sellers et al. 1984, Beach, Licate et al. 2011). Thus, it induces a negative 
effect on the ATPase activity of NMII. PKC may also phosphorylate the heavy chain on 
Serine 1917 in rat MHC IIA (Serine 1917 in human MHC IIA). Casein kinase 2 (CK2) also 
phosphorylates the heavy chains MHC-IIA on Serine 1943, and MHC-IIB on several Serine 
residues, both in the tail region (Murakami, Chauhan et al. 1998). The MHC phosphorylation 
induced by either PKC or CK2 is responsible for the inhibition of NMII-A and NMII-B 
transition of rods into filaments, and could determine the subcellular localisation of NMII 
(Murakami, Singh et al. 1995, Murakami, Chauhan et al. 1998, Dulyaninova, Malashkevich et 
al. 2005, Ronen and Ravid 2009). 
During cell migration, the roles of ROCK and MLCK have been intensively studied and 
appear conserved among many organisms. In general the inhibition of one of these proteins 






II.2.3.1.3. Myosin light chain phosphatase (MLCP) 
 
MLCP is a serine/threonine protein phosphatase. It dephosphorylates MRLC of NMII. MLCP 
removes phosphate group on NMII for its inactivation. This mechanism generates a 
conformational change, and NMII recovers its initial and inactive state (Figure 18). MLCP is 
composed of three subunits: a catalytic subunit of phosphatase (PP); a targeting subunit, the 
MYPT; and a small subunit, M20, which the function is unknown (Matsumura and 
Hartshorne 2008). 
As mentioned previously, MLCP may be regulated by RhoA small GTPase/ROCK. ROCK 
phosphorylates MYPT1 on inhibition sites, Threonines 696 and 853, leading to MLCP 
inhibition (Kimura, Ito et al. 1996, Feng, Ito et al. 1999). Other kinases regulated by small 
RhoGTPase, MRCK and PAK, also phosphorylate and inhibit MLCP at MYPT inhibitory 
sites (Muranyi, Zhang et al. 2001, Takizawa, Koga et al. 2002). Kinases like ZIPK or 
Integrin-like kinase (ILK) may phosphorylate MYPT (Borman, MacDonald et al. 2002, 
Muranyi, MacDonald et al. 2002). 
 
II.3. Small Rho GTPases 
 
For many cellular processes, cells must execute cytoskeleton changes. Small GTPases allow 
these modifications at low energy costs. Among them, the Ras superfamily of small GTPase 
is composed of more than 150 members. This superfamily is divided in five subfamilies: Arf, 
Rab, Ran Ras, and Rho. Each subgroup has a specific biological function. Arf proteins are 
implicated in vesicles formation and trafficking. The Raf group also contributes to vesicles 
trafficking. Ran proteins control nuclear shuttling. Ras proteins are well known to play a role 
in the control of cell proliferation and differentiation (Donnelly, Bravo-Cordero et al. 2014). 
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Finally, small Rho GTPases subfamily act on cell proliferation, cell shape by regulating acto-
myosin cytoskeleton. Therefore, they are upstream regulators of actin polymerisation and 
actomyosin contractility critical for migration processes in all cell types. Actually, the roles of 
Rho GTPases in single-cell migration, (cell polarisation, protrusion formation, and cell 
contractility) are well known. However, their functions need to be further characterised in 
collective cell movements, for which they must also control cell-cell adhesion (Etienne-
Manneville and Hall 2002). 
The first identified members of the small Rho GTPases subfamily, Rac1, RhoA and Cdc42, 
play a role in the reorganisation of the acto-myosin cytoskeleton (Hall 1998). Many studies 
reveal the functions of these proteins during processes such as cell polarity and cell migration. 
Although other GTPases could be essential for different cell mechanisms, only the role of 
these three members have been extensively studied. In this manuscript, I will focus on the role 
of these three members in cell motility.  
In humans, twenty genes, coding twenty-two Rho small GTPases have been identified. All 
members have a common domain allowing the binding to GTP or GDP. A lipidic anchor is 
added at the C-terminal extremity in a post translationally manner on the conserved CAAX 
motif to localise Rho GTPases at membranes (Williams 2003). Rho-GTPases have the 
characteristic G domain, which allows the binding to GDP and GTP (Geyer and Wittinghofer 
1997). They have two other domains: switch I and switch II regions, involved in the 







II.3.1. Regulation of small Rho GTPases 
 
Small GTPases are a type of G-proteins, which are involved in many signalling pathways 
(Etienne-Manneville and Hall 2002). They are able to bind and hydrolyse guanosine 
triphosphate (GTP) in guanosine diphosphate (GDP). These G-proteins are inactive and 
localised in the cytoplasm of cells when they are associated with GDP. Once bound to GTP, 
their conformation changes and they switch to an active state. Active conformation is mainly 
associated with the plasma membrane. This conformational change allows the interaction with 
many effectors in order to control signalling pathways. Two types of factors control the 
regulation of these proteins. GTPase activating proteins (GAPs) promotes GTP hydrolysis, 
while the GDP to GTP exchanges are catalysed by Guanine nucleotide exchange factors 
(GEFs). Thus, the activation of GEFs leads to an activation of G-proteins. On the contrary, 
GAPs favour the inhibition of G-proteins. In humans, about seventy GAPs and sixty GEFs of 
small Rho GTPases have been discovered. Moreover, Guanosine nucleotide dissociation 
inhibitors (GDI) are able to associate with the GDP bound form of small GTPases, in order to 
maintain them in an inactive state. GDI mask the C-terminal motifs of small GTPases 
responsible for the binding to phospholipids presents in the plasma membrane (Schmidt and 
Hall 2002, Moon and Zheng 2003). 
Most of these effectors have a Rho-GTPases binding domain. Cdc42 and Rac1 effectors have 
a CRIB (Cdc42/Rac Interactive Binding) domain, and those of RhoA have an RBD (Rho 




Figure 20: Regulation of small GTPases by cycles between an active GTP-bound form to 
an inactive GDP-bound form. 
GEF promotes the exchange of GDP in GTP, which modifies small GTPases conformation. 
Once bound to GTP, small GTPases can interact with the plasma membrane and become 
activated. GTP hydrolysis is enhanced by GAP, leading to an inactive GDP-bound GTPase. 
Thus, GAP inhibits downstream signalling. GDI can block the release of GDP and prevents 
small GTPase translocation to the plasma membrane. Therefore, inactive small GTPases can 






II.3.2. Rac1 GTPase 
 
Three members of Rac (Rac1, Rac2, and Rac3) are presents in humans, and have more than 
95% of homology. Although these proteins are very similar, they are localised in different 
tissues. Rac1 and Rac3 are ubiquitous, and Rac2 is present in hematopoietic tissues (Haataja, 
Groffen et al. 1997). 
During cell migration, Rac is mainly activated by two signalling pathways, downstream of 
membrane receptors (RTKs, G protein coupled receptors, or integrins) through the PI3 kinase. 
The PtdIns(3,4,5)P3 lipid regulates most of Rac GEFs (like Vav, Tiam-1, and PIX). In 
fibroblasts, PI3 kinase promotes lamellipodia formation through Rac signalling (Reif, Nobes 
et al. 1996). By activating directly with this kinase, Rac exerts a positive feedback loop 
(Weiner, Neilsen et al. 2002). The second pathway, involved the Rac GEF named DOCK180. 
This GEF forms a necessary complex with ELMO (Engulfment and cell motility protein) and 
crk proteins. Crk, in this complex, is able to activate the p130CAS protein, which will lead to 
Rac activation and cell migration (Klemke, Leng et al. 1998, Cheresh, Leng et al. 1999, Zhou, 
Caron et al. 2001). 
Rac1 induces F-actin polymerisation at the leading edge, and thus it is responsible for 
membrane extensions, lamellipodia and ruffles (Ridley, Paterson et al. 1992, Hall 1998). 
Downstream effectors of Rac1 contribute to the reorganisation of the cytoskeleton 
(Raftopoulou and Hall 2004), such as PAK which promotes lamellipodia formation (Manser, 
Leung et al. 1994, Sells, Boyd et al. 1999). PAK activates the LIM kinases, preventing actin 
depolymerisation (Arber, Barbayannis et al. 1998, Edwards, Sanders et al. 1999). Moreover, 
PAK acts antagonistically to ROCK. Indeed, PAK inactivate the MLCK leading to a decrease 
of active NMII (Sells, Boyd et al. 1999). Under PAK signalling, the assembly and the 
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contraction of acto-myosin filaments is reduced (Sanders, Matsumura et al. 1999). Members 
of WASP/SCAR/WAVE family, which can regulate the Arp2/3-mediated actin network, are 
also Rac targets. The activation of SCAR/WAVE proteins is responsible for lamellipodia 
formation (Takenawa and Miki 2001, Weaver, Young et al. 2003). Another effector of Rac1, 
and similar to cdc42, is IQGAP (IQ motif containing GAP homolog) (Brill, Li et al. 1996, 
Erickson, Cerione et al. 1997). IQGAP controls actin cytoskeleton organisation at the leading 
edge, and promotes F-actin polymerisation (Kuroda, Fukata et al. 1996, Briggs and Sacks 
2003). 
 
II.3.3. Cdc42 GTPase 
 
Like Rac1, Cdc42 is involved in the protrusive activity during cell migration, by the 
regulation of filopodia formation (Nobes and Hall 1995). Cdc42 shares common effectors 
with Rac1, in particular PAK. The other effectors shared between Rac1 and Cdc42 is IQGAP. 
It favours actin filaments growing to form membrane protrusions. Moreover, it blocks Cdc42 
in an active state (Swart-Mataraza, Li et al. 2002). MRCK (myotonic dystrophy kinase related 
Cdc42 binding protein kinase), which is specific of Cdc42 activates the LIM kinases 1/2. 
Thus, the activity of cdc42 favours the polymerisation of actin, needed for the filopodia 
extensions (Leung, Chen et al. 1998, Sumi, Matsumoto et al. 2001). Contrary to PAK, MRCK 
is able to activate NMII. MRCK has a dual role in activating F-actin assembly and acto-
myosin contraction. Cdc42 mediated filopodia formation may act through WASP family, 





II.3.4. RhoA GTPase 
 
Three isoforms of Rho are expressed in humans: RhoA, RhoB, and RhoC. In 1992, RhoA 
member was identified to control the contraction of acto-myosin filaments, stress fibres 
formation, and focal adhesions (Ridley and Hall 1992, Hall 1998). RhoA activity is manly 
activated at the back cell and promotes lamellipodia retraction (Petrie and Yamada 2012).  
As high RhoA activity can impair cell migration in many cell types, its regulation is crucial. 
In neural development, atypical Rho members Rnd2 and Rnd3 inhibit RhoA by activating the 
Rho specific p190RhoGAP (Riou, Villalonga et al. 2010, Pacary, Heng et al. 2011). 
Moreover, the activation of Mst3 kinase may phosphorylate and inhibit RhoA. This kinase 
belongs to the STRIPAK complex, which is involved in the control of the mode of cancer cell 
migration or neuron migration (Hwang and Pallas 2014, Madsen, Hooper et al. 2015). 
Positive regulation of RhoA could mediate by the semaphorin receptor Plexin B2, which acts 
on Rnd3 (Azzarelli, Pacary et al. 2014). RhoA plays multiple functions in cells (such as 
control of the cell cycle, proliferation, and cytoskeleton) by activating myriads of signalling 
pathways. Among the best known effectors of RhoA, there is citron kinase, protein kinase N, 
Rho-associated kinases (ROCK) and mDia (Iden and Collard 2008). The well described 
ROCK is involved is the assembly of myosin filaments, contraction of stress fibres and 
formation of focal adhesions (Ishizaki, Maekawa et al. 1996, Matsui, Amano et al. 1996, 
Amano, Chihara et al. 1997). Thus RhoA, through its downstream effectors, such as ROCK, 
promotes NMII activation in order to contract acto-myosin filaments (Tapon and Hall 1997, 
Riento and Ridley 2003). Like PAK, ROCK also activates LIMK. As LIMK inactivates 
cofilin, this leads to a stabilisation of actin filaments (Maekawa, Ishizaki et al. 1999, Sumi, 
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Matsumoto et al. 2001). mDia is another effector of RhoA, and works with ROCK to form 
stress fibres (Krebs, Rothkegel et al. 2001).  
Finally, these three Rho GTPases contribute to cell migration within single or collective 
groups of cells. Rac1 and Cdc42 are mainly localised at the front of single cells/cell groups. 
They are necessary to the formation of membrane protrusions. RhoA, which has an 
antagonistic effect of Rac1 is mainly activated at the back (Rottner, Hall et al. 1999). RhoA 
signalling, by promoting stress fibres, provides contraction forces necessary for cell 
movements (Figure 21). 
During collective cell migration, the role of these Rho GTPases has been less elucidated. In 
leader cell, they function like in single motile cell. Similar mechanisms have been described 
for the protrusive activity. However, Rho GTPases also contribute to maintaining of cell-cell 
cohesion, controlling actin cytoskeleton. They also control the apical basal polarity front-rear 
polarity of follower cells (Zegers and Friedl 2014). 
 
 
Figure 21: Rho GTPases in cell migration. 
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During migration, cells have a front/back polarity. They extend membrane protrusions at the 
leading edge. These lamellipodia and filopodia are respectively control by Rac1 and Cdc42. 
RhoA, have an antagonistic effect, by stimulating NMII activity. RhoA is responsible for stress 
fibre formation Rac1 and Cdc42 are active at the leading edge to control the formation of 
membrane protrusions. RhoA is mainly active at the back where it controls cell contraction. 










Drosophila ovaries are composed of about twenty ovarioles. These ovarioles contain several 
egg chambers at fourteen increasing stages of maturity. The egg chambers are composed of a 
monolayer of around 650 epithelial follicle cells (somatic cells) that surround fifteen nurse 
cells and one oocyte (germline stem cells). Each egg chamber leads to the production of one 
egg (Figure 22) (Bastock and St Johnston 2008). 
 
Figure 22: Ovarioles of egg chambers at increasing stages of maturity. 
Drosophila ovary is composed of ovarioles, containing egg chambers at 14 increasing stages 
of maturity. The egg chamber consists of one oocyte, fifteen nurse cells, and surrounding 
follicular epithelial cells. Nurse cells are connected between them through ring canals. 
During oogenesis, mRNAs, and proteins produced by nurse cells are transferred to the oocyte 
through ring canals. At stage 10, nurse cells dumping occurs (nurse cell cytoplasm 
transferred into the oocyte). Finally, follicle cells migrate and enclose the oocyte. At this time, 
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vitelline membrane and the egg shell are secreted to protect the mature egg (Becalska and 
Gavis 2009). 
Oogenesis starts in the germarium and last approximately one week. Localised at the end of 
the ovarioles, the germarium is made up of somatic and germline stem cells (Margolis and 
Spradling 1995). The germline stem cells divide asymmetrically in order to produce one stem 
cell and one daughter cell (cytoblast). This cytoblast is going to divide four times and lead to 
sixteen differentiated cells. As the cytoblast undergoes incomplete mitotic divisions, 
cytoplasmic bridges connect cells through ring canals. The cyst includes two cells with four 
canals, two cells with three canals and eight cells with one ring canal (King 1970). The 
fusome, a microtubule structure, ensures the link between all cells. One of the cells connected 
with four ring canals will become the oocyte, while the other fifteen cells will become nurse 
cells (Spradling 1993, Bastock and St Johnston 2008, Becalska and Gavis 2009). 
The oocyte is always positioned in posterior region of the follicle. While the oocyte is stopped 
in prophase I of meiosis, the fifteen nurse cells undergo several endoreplications and thus 
become polyploid and transcriptionally very active. These cells produce messenger RNA 
(mRNA) and proteins involved in early embryogenesis and bring them to the oocyte 
(Steinhauer and Kalderon 2006). In the germarium, somatic stem cells, located on both sides 
of the cyst, divide to give the follicular cells. At the end of the germarium, epithelial follicle 
cells migrate in order to form a monolayer of cells that surround germline cells, leading to the 
formation of egg chambers. Follicle cells have a protector role for the future egg, due to the 
production of the vitelline membrane and the chorion. Follicle cells are divided in three sub-
groups: polar cells, stalk cells and epithelial cells. Polar cells, which are found at both poles, 
anterior and posterior of the egg chamber, contribute to the polarisation of the egg chamber 
(Tworoger, Larkin et al. 1999, Wu, Tanwar et al. 2008). Notch signalling pathway is known 
to be required for polar cell specification. Germline cells secrete Delta ligand that stimulates 
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Notch activity in polar cell precursors. Indeed, in the absence of Delta in the germline, polar 
cells are no longer undergo specification and cyst separation into egg chambers does not 
occur (Lopez-Schier and St Johnston 2001). Thus, polar cells are needed for egg chamber 
individualisation. JAK/STAT signalling is also required for follicle cells differentiation. 
Precisely; JAK STAT is required to set up the anterior-posterior patterning of the entire 
follicular epithelium that surrounds each egg chamber (Ghiglione, Devergne et al. 2002). JAK 
signal is activated by a cytokine, the unpaired (Upd), secreted by the specified polar cells at 
both anterior and posterior poles of the egg chamber (Silver and Montell 2001). Therefore, a 
JAK activity gradient along the anterior-posterior axis is established, with the highest level at 
the two poles. Moreover, at the posterior pole, cell specification is achieved by the 
concomitant activities of JAK and EGFR signals (Xi, McGregor et al. 2003). 
During oogenesis the follicle undergoes a sequence of fascinating morphogenetic changes 
during its development (Spradling 1993, Wu, Tanwar et al. 2008). Throughout the stage 9 of 
oogenesis, follicle cells, at the anterior of the egg chamber, make a partial epithelial to 
mesenchymal transition (Rorth 2002, Montell 2003). The border cell cluster, formed by two 
polar cells and six to eight border cells, starts to delaminate at the late stage 8 of oogenesis, 
subsequently it migrates posteriorly in between nurse cells toward the oocyte. After reaching 
oocyte at stage 10, border cell cluster undergoes a dorsal migration, rotating and migrating 
along the oocyte surface to reach its nucleus. The posterior migration lasts about five to six 
hours, in the course of which border cell cluster travels 150 µm. Moreover, border cells adopt 
two different types of motility during their travel to the oocyte. They are able to go forward in 
a linear fashion from the anterior tip of the egg chamber, until the middle of the path. In the 
second part toward the oocyte, they use a rotational movement (Bianco, Poukkula et al. 2007, 
Poukkula, Cliffe et al. 2011). Later, on the distance travelled during the dorsal migration is 
only of 10 to 20 µm. After these migration steps, the border cell cluster contributes to the 
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formation of a hole in the micropyle. The micropyle is the structure at anterior-dorsal surface 
of the egg chamber, allowing the sperm entry, and thus essential for the egg fertilisation 
(Montell, Rorth et al. 1992, Savant-Bhonsale and Montell 1993). Therefore, the Drosophila 
female becomes sterile in the case of incomplete migration or loss of either polar cells or 
border cells. Thus, border cell migration is essential for Drosophila female fertility (Montell, 
Rorth et al. 1992). The two polar cells, belonging to border cell cluster, remain positioned at 
the cluster centre throughout all the migration process. As polar cells do not have the ability to 
migrate, and do not actively participate to this process, but instead they are passively carried 
by surrounded border cells (Han, Stein et al. 2000).  
 
Figure 23: Border cell migration. 
A. Schematic drawing of border cell migration in the egg chamber. Border cell clusters are 
composed of motile border cells and two non-motile polar cells. Clusters delaminate from the 
anterior epithelium layer at the late stage 8. Then, they migrate in between nurse cells, to 
finally reach the oocyte at stage 10. B.Still images from a time-lapse movie of wild-type 
border cell migration. Border cells expressing Slbo-life-Act-GFP are marked in green. The 
dashed line delimits the autofluorescent oocyte, and nuclei of all cells are labelled in blue. 
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The white arrow shows the border cell cluster. At stage 10, almost all the wild-type border 
cell clusters have reached the oocyte. Scale bar, 20µm (Stonko, Manning et al. 2015). 
 
III.2. Specification of border cell cluster 
 
Among all follicle cells, only six to eight acquire the capacity to migrate. Selecting the 
appropriate numbers of border cells is essential to ensure a correct migration. Polar cells, 
which are specified in early oogenesis, control border cell fate and thus select cells that will 
become migratory. As mentioned above, polar cells secrete a cytokine, UPD, able to activate 
JAK/STAT signal in neighbouring cells (Beccari, Teixeira et al. 2002). The binding between 
the ligand UPD and the transmembrane receptor Domless results in the activation of the 
tyrosine kinase JAK in adjacent cells. The active JAK phosphorylates itself and the UPD 
receptor and this leads to the binding and the phosphorylation of STAT. Dimers of 
phosphorylated STAT activate transcription in the nucleus. Thus, UPD-STAT signalling 
selects the migratory border cells (Figure 24). The localisation of Upd mRNA and the local 
secretion of the cytokine allow recruiting the right number of border cells. Ectopic expression 
of Upd or activated JAK is sufficient to specify ectopic border cells (Silver, Naora et al. 
2004)and cause extra cells to migrate and invade the nurse cell compartment (Silver and 
Montell 2001). More recently, the nuclear protein encoded by Toulse-like kinase is required 
in polar cells for the Upd expression and the activation JAK/STAT signalling pathway in 
border cells (Xiang, Zhang et al. 2016). While JAK/STAT regulation in border cells is still 
under intensive study, regulators of this signalling pathway have been identified. The Protein 
tyrosine phosphatase 61f and brahma negatively regulate STAT, causing border cell 





Figure 24: Signalling pathways regulating specification and timing of border cell 
migration. 
Polar cells produced Unpaired (Upd) which activates the Upd receptor in neighbouring 
border cells. Therefore, JAK/STAT signalling induces expression of slbo and other target 
genes necessary for border cell movement. The peak concentration of the steroid hormone 
ecdysone occurs during stage 9. Ecdysone activates a receptor complex composed of 
Ecdysone receptor (EcR), Ultraspiracle (USP) and Taiman (TAI) which controls the 
expression of target genes needed for border cell movement. Both the Upd/JAK/STAT and 
ecdysone pathways inhibit Abrupt (AB), which also induces feedback to inhibit TAI (adapted 
from (Jang, Chang et al. 2009)). 
Moreover, this signalling pathway is also required for all migration process (Silver and 
Montell 2001, Beccari, Teixeira et al. 2002, Denef and Schupbach 2003). In the egg chamber 
the main targets of JAK-STAT signalling are the genes slow border cells (slbo) and shotgun 
(Borghese, Fletcher et al. 2006, Wang, Bo et al. 2006). Slbo, the first gene identified for 
border cell migration, encodes a basic region leucine zipper transcription factor, which is a 
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product homologous to the CCAAT/enhancer-binding protein (C/EBP). This gene is 
expressed in border cells from stage 8 (Montell, Rorth et al. 1992). Shotgun encodes 
Drosophila melanogaster epithelial cadherin (DE-cadherin). While STAT is required for both 
specification and migration of border cells, slbo is only required for migration (Montell, Rorth 
et al. 1992, Silver and Montell 2001, Prasad and Montell 2007). Indeed, mutations of 
JAK/STAT signalling pathway prevent border cell specification and migration. Conversely, 
the activation of STAT in follicle cells that do not migrate usually leads to their migration in 
between nurse cells. Therefore, STAT contributes not only to recruit but also to initiate border 
cell migration by promoting the expression of more than two hundred target genes, in 
particular slbo and shotgun. In contrast, slbo mutation does not impair border cells 
specification, but rather blocks onset of border cell migration. 
 
The hippo pathway also contributes to the specification of border cell number. Hippo, a 
member of the Ste-20 family of protein kinases, activates the protein kinase Warts, the one 
that inhibit the coactivator Yorkie. Inactive Yorkie does not interact with the transcription 
factor Scalloped to promote the expression of target genes. In polar cells, the overexpression 
of Yorkie, as well as the inhibition of its upstream kinases Warts and Hippo, interrupt border 
cell migration. These results suggest that Hippo/Warts/Yorkie components are required in 
polar cells for the recruitment of the migrating border cells. Indeed, Hippo pathway controls 
the expression of upd in polar cells, which activates JAK/STAT signalling in neighbouring 





Finally, the kinase Misshapen, which belongs to Ste-20 related kinases family as Hippo, 
participates in the specification of the correct number and the migration of border cells. The 
contribution of Misshapen happens in polar cells, nurse cells and border cells. However, the 
mechanism by which misshapen controls border cell specification and migration is still 
unclear (Cobreros-Reguera, Fernandez-Minan et al. 2010). 
 
III.3. Timing of border cell migration 
 
Border cell migration does not start before stage 9. Indeed, border cells need a signal to start 
their migration. Steroid hormones induce transcriptional activity through binding to nuclear 
receptors. Ecdysone is the single steroid hormone in Drosophila. The production of ecdysone 
occurs in the egg chamber from stage 9 and peaks at stage 10. It activates a receptors complex 
composed of Ecdysone receptor (EcR) and Ultraspiracle, which have the ability to bind DNA 
(Romani, Bernardi et al. 2009). After heterodimer receptor activation, the co-factor Taiman is 
recruited to trigger border cell migration (Riddiford 1993, Bai, Uehara et al. 2000, Cherbas, 
Hu et al. 2003). Actually, border cell migration is impaired due to the loss of function of EcR. 
Within egg chambers, ecdysone signalling stimulates transcriptional activity in a temporal as 
well as spatial manner. Indeed, during stage 9, anterior follicle cells including border cells 
present high ecdysone signalling activity. In 2009, Montell’s lab identified a nuclear protein, 
Abrupt, able to directly interact with Taiman in order to repress ecdysone signalling (Figure 
24) (Jang, Chang et al. 2009). In border cells, Abrupt-mediated repression is inhibited by 
STAT signalling, leading to an increase of ecdysone response all along the stage 9. Thus, 
during stage 9, the transcription of migration-related targets genes is activated. However, the 
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mechanism by which these two signalling pathways are coordinated to control migration is 
not yet clear (Jang, Chang et al. 2009). 
 
III.4. Guidance of border cell cluster 
 
Once specified, border cell clusters migrate until the oocyte nucleus. Border cells migrate 
posteriorly, up to the oocyte membrane and later dorsally, until the oocyte nucleus. To reach 
their final and correct destination border cells need several factors. Indeed, a chemoattractant 
gradient confers a directional migration of the border cell clusters (Duchek, Somogyi et al. 
2001, Fulga and Rorth 2002). The growth factors PVF1 (platelet-derived growth factor and 
vascular endothelial growth factor-related factor 1), Spitz, Keren and Gurken produced by the 
germ cells, and particularly in the oocyte, contribute to the guiding of border cells clusters 
(Duchek and Rorth 2001, Duchek, Somogyi et al. 2001, McDonald, Pinheiro et al. 2003, 
McDonald, Pinheiro et al. 2006). These molecules bind two tyrosine kinase receptors in the 
egg chambers: PVR (platelet-derived growth factor and vascular endothelial growth factor 
receptor) and EGFR (epidermal growth factor receptor). Although all follicle cells express 
these two receptors, only border cells move according to this gradient (Duchek and Rorth 
2001, Duchek, Somogyi et al. 2001). PVR and EGFR have a redundant function for directing 
posterior border cell migration. A loss of function of both receptors results in a strong 
migration defect, in most cases border cell clusters do not reach the oocyte and do not have 
the ability to extend stable protrusion in the forward direction (Figure 25) (Duchek and Rorth 
2001, Duchek, Somogyi et al. 2001, McDonald, Pinheiro et al. 2003, McDonald, Pinheiro et 
al. 2006, Prasad and Montell 2007).Nevertheless, each receptor appears to control a specific 
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phase of the border cell migration. PVR mostly controls the first step of migration (from the 
anterior pole of the egg chamber to the half of migration distance). EGFR plays a function in 
the late phase (second step). Indeed, its inhibition prevents the migration of border cells 
during this phase (Duchek and Rorth 2001, Poukkula, Cliffe et al. 2011).In early phase, 
controlled mainly by PVR, the emission of membrane extension is favoured at the front of the 
cluster. Thus, in early phase, guidance signalling prevents the formation of protrusions by 
follower cells. However, border cells in the late phase or overexpressing EGFR do not favour 
the persistence of front protrusions. These results correlate with a difference of motility 
behaviours. While PVR promotes a linear movement of border cell clusters, a rotational mode 
of migration is induced by EGFR. Therefore, guidance receptors may control border cell 
migration, regulating the type of behaviour, as well as the persistence of front protrusions 
(Poukkula, Cliffe et al. 2011). 
 
 
Figure 25: Effect of the loss of guidance receptors for border cell migration 
Egg chambers at stage 9 were labelled with rhodamine phalloidin to visualise F-actin (red). 
Border cells express Moesin GFP (green) to visualise them. A. Wild-type border cell clusters 
have one predominant protrusion in the direction of migration direction. B. Border cells 
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expressing dominant negative forms of PVR and EGFR extend multiple protrusions in any 
directions.(Prasad and Montell 2007). 
The migration of border cells to the oocyte is guided essentially by PVF1 (PDGF/VEGF-like 
factor 1), ligand of PVR, which is expressed in germ cells, and found at elevated levels in the 
oocyte (Duchek, Somogyi et al. 2001). It has been shown that ectopic expression of this 
ligand redirects border cell migration (Duchek, Somogyi et al. 2001, McDonald, Pinheiro et 
al. 2006). In addition, the over-expression of all three separate EGFR ligands: spitz, vein, and 
gurken blocks the migration of border cells and, the strongest phenotype is observed with 
spitz (McDonald, Pinheiro et al. 2006). When border cells reach the oocyte, EGFR is involved 
in directing the orientation of the cells, and this by guiding the dorsal migration in response to 
its gurken ligand secreted by the oocyte (Duchek and Rorth 2001, McDonald, Pinheiro et al. 
2006). Surprisingly, another study demonstrated that gurken and vein, unlike the other two 
EGFR ligands, spitz and keren, are unable to redirect migration in vivo. Thus, this study 
concludes that only spitz and keren, probably with PVF1, are able to guide border cells 
through the egg chamber (McDonald, Pinheiro et al. 2006).  
The end point of the signalling cascade induce by guidance receptor is the activation of the 
small GTPase Rac, which leads to the establishment of a front to back polarity (Duchek, 
Somogyi et al. 2001). The leading cell extends stable long protrusions whereas side and 
trailing cells only form short and unstable protrusions (Fulga and Rorth 2002). Thus, it is 
likely to imagine that the leading cell presents higher levels of active RTK compared to 
trailing cells. This assumption has been verified, but only in the context of overexpression of 
PVR (Janssens, Sung et al. 2010). No enrichment toward the front of the border cell clusters 
has been detected in the endogenous situation. Phospho-tyrosine (P-Tyr) signals have been 
found to be enriched at the leading edge of the migrating clusters. This could be due to 
multiple loops amplifying signalling events in the leading cell (Assaker, Ramel et al. 2010, 
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Quinones, Jin et al. 2010, Geisbrecht, Sawant et al. 2013). Moreover, other mechanisms, such 
as endocytosis, have been proposed to maintain the front to back polarity. Indeed, an 
endocytic cycle, involving Rab5 and Rab11 has been proposed to enrich active guidance 
receptors at the front of the leading cell (Assaker, Ramel et al. 2010). 
Finally, a whole-genome expression analysis in border cells allowed identifying a new 
receptor tyrosine kinase required for border cell migration, called Tie. Yet, the ligand for Tie 
and its role in guidance are still unknown (Wang, Bo et al. 2006). 
 
III.5. Adhesion of border cell cluster 
 
After the detachment of border cell clusters from the basement membrane, they migrate in 
between nurse cells. Thus, during their migration, border cells use nurse cells as substratum. 
Even if the basal side of border cells contacts the extracellular matrix before the detachment, 
these cells use only DE-cadherin mediated adhesion to migrate throughout the nurse cells 
(Niewiadomska, Godt et al. 1999). In border cells, DE-cadherin is expressed from stage 8 
until the end of migration. DE-cadherin is observed at junctions between nurse cells and 
border cells, but at lower levels than that observed between border cells and between polar 
and border cells (Figure 26). In this context, DE-cadherin homophilic interactions between 
nurse cells and border cells are needed to allow an efficient migration of clusters (Oda, 
Uemura et al. 1997, Niewiadomska, Godt et al. 1999). In fact, the loss of function of DE-
cadherin in either nurse cells or border cells impairs border cell migration. Consistently, the 
overexpression of DE-cadherin in border cells also prevents their movement. Thus, a tight 
regulation of DE-cadherin levels is required in both nurse cells and border cells (Schober, 
Rebay et al. 2005). As a consequence of this critical role in border cell adhesion on nurse 
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cells, the perturbation in DE-cadherin levels also disturbs protrusion dynamics extended by 
border cells (Fulga and Rorth 2002). Recently, the DE-cadherin was identified as a regulator 
of the guidance during border cell migration. Montell’s lab found that the DE-cadherin 
mediated interactions between polar and border cells is required to maintain the integrity of 
the cluster and to define the polarity of each individual border cell. Moreover, they 
demonstrate that DE-cadherin is critical for the communication between border cells, and thus 
defines the leader and follower cells (Cai, Chen et al. 2014).  
 
Figure 26: E-cadherin in border cell clusters. 
A.Localisation of DE-cadherin (red) in a border cell cluster expressing GFP specifically in 
polar cells (*), using UpdGal4. A’. Schematic representation of DE-cadherin localisation. 
(Cai, Chen et al. 2014). 
Even if components of the extracellular matrix, like collagen IV and laminin A, are not widely 
present in border cells, their receptors, the integrins, are expressed (Wang, Bo et al. 2006, 
Llense and Martin-Blanco 2008). Interestingly, border cells lacking -integrin succeed to 
reach the oocyte, thereby challanging their role. What is known is that the inhibition of -
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integrin combined with the inhibition of the Jun N-terminal kinase (JNK) in border cells 
induces a delay of migration (Llense and Martin-Blanco 2008).  
 
III.6. Cohesion between border cells 
 
Maintaining cell-cell adhesion is critical for border cells to communicate and perform a 
collective migration. All follicle cells and nurse cells express DE-cadherin. Staining of DE-
cadherin and its binding proteins -catenin and -catenin (armadillo in Drosophila) has 
shown an enrichment of these proteins between polar cells and border cells, and between each 
border cell (Figure 26) (Niewiadomska, Godt et al. 1999). DE-cadherin complexes are 
required to preserve cohesion within clusters. Surprisingly, only DE-cadherin downregulation 
in polar cells induces the dissociation of border cell clusters (Cai, Chen et al. 2014). However, 
the DE-cadherin downregulation in border cells (not in polar cells) strongly affects border cell 
migration but not the cohesion of the cluster. Border cells lacking DE-cadherin fail to reach 
the oocyte, but the integrity of border cell clusters is not affected. These results indicate that 
DE-cadherin is not the only constituent involved in the cell-cell adhesion between border cells 
(Niewiadomska, Godt et al. 1999, Schober, Rebay et al. 2005). 
The Jun N-terminal kinase (JNK) is another protein involved in the maintaining of the cluster 
integrity. The inhibition of the JNK leads to cluster dissociation and prevents the 
communication between border cells (Llense and Martin-Blanco 2008, Wang, He et al. 2010). 
In this context, the inhibition of JNK in border cells leads to a re-localisation of the -integrin 
and myosin VI at the tip of ectopic protrusions, at the membrane between border cells and 
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nurse cells border cells, like if border cells behave “individually” (Llense and Martin-Blanco 
2008). 
-integrin staining is mainly located at the membrane between border cells (Pinheiro and 
Montell 2004, Llense and Martin-Blanco 2008). Therefore, -integrin could be another 
adhesion molecule involved in the maintaining the integrity of border cell clusters.  
 
III.7. Intercellular communication within border cell cluster 
 
To maintain a cohesive cluster all along the migration path, border cells must communicate. 
However, up to now, intercellular communication during collective cell movements was not 
well characterised. Recently the development of optogenetic tools has allowed the 
manipulation of signalling events by light in one cell within a group in vivo (Figure 27) (Wu, 
Wang et al. 2011). 
 
Figure 27: Photoactivatable analogues of Rac (PA-Rac). 
Rac was grafted to the phototropin LOV (light, oxygen, or voltage) domain. Without light, 
LOV domain sterically blocked the GTPase active site. After light exposure (400-500nm) the 
helix linking the LOV domain to the GTPaseunwinds, relieving steric inhibition. The 
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conformation and state changes were reversible and repeatable. Rac could be returned to its 
inactive state simply by turning off the light (Wu, Wang et al. 2011). 
This strategy has been applied to Drosophila border cells in which, activation of Rac by light 
in one cell is sufficient to drive the migration of the whole group. By contrast, focal inhibition 
of Rac activity in one cell, leads to the formation of protrusions in all other cells of the cluster. 
This non-autonomous effect reveals an intercellular communication and allows studying how 
cells within a group are able to sense the relative level of Rac activity in neighbouring cells 
(Wang, He et al. 2010). The JNK signalling pathway has been proposed to regulate cell to cell 
communication. Its mechanism of action is still unclear but it could be through the regulation 
of cadherin levels (Wang, He et al. 2010). Indeed, JNK has been proposed to control cluster 
integrity through the regulation of polarity and adhesion proteins (Llense and Martin-Blanco 
2008). Accordingly, the reduction of adherens junction components, such as DE-cadherin, β-
catenin, or α-catenin, blocks cell-to-cell communication in a cell autonomous manner (Cai, 
Chen et al. 2014). Moreover, the endocytic protein Rab11 and the moesin have been 
implicated in cell-cell communication (Ramel, Wang et al. 2013). From these studies, one 
main hypothesis to explain this communication relies on a mechanical tension transmitted 
around the cluster through cadherin and the actin cytoskeleton. Acto-myosin cables, might 
contribute to restricting the emission of protrusion in one cell of the group (Cai, Chen et al. 
2014). 
 
III.8. Border cell migration and actin cytoskeleton 
 
During their migration border cells are extremely active, extending and retracting protrusions 
to go forward. In general, the driving force allowing cell migration is the acto-myosin 
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cytoskeleton. The actin cytoskeleton is the major regulator of border cell migration. Indeed, 
other cytoskeleton components, the microtubules are not essential for this process (Yang, 
Inaki et al. 2012). 
 
Figure 28: Actin localisation in border cells. 
A. Representative image of a wild-type border cell cluster stained with phalloidin (green). 
The arrowhead marks the cell-cell contacts within the border cell cluster and the arrows 
point at the contacts between border cell cluster and nurse cells. The asterisk indicates the 




Several factors are controlling the remodelling of the actin cytoskeleton, which is critical to 
cell motility. However, how border cells integrate signals from slbo, JAK/STAT, DE-cadherin 
complex, and the PVR/EGFR pathways in order to collectively migrate are not yet known. 
Many factors contribute to the regulation of the actin cytoskeleton. For example, the 
transcription factor Slbo regulates many actin cytoskeleton regulators in border cells 
(Borghese, Fletcher et al. 2006). Almost 20 years ago, (Oda, Uemura et al. 1997) showed that 
border cell migration defects, causing by the mutation of genes encoding the Drosophila 
homologue of -catenin (armadillo), are partly attributed to cytoskeleton disorganisation. 
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Generally, the regulation of actin during cell migration is performed by the small Ras-like 
GTPases of the Rho family.  
 
III.8.2. Actin regulators 
 
As actin dynamics is the main driving force for cell migration, functions of actin regulators 
have been studied during collective border cell migration. In border cells, slbo induces many 
actin regulators which participate in controlling shape and migration of border cells 
(Borghese, Fletcher et al. 2006). Among the main actin regulators, some, listed below, are 
involved and required during border cell migration. 
 
III.8.2.1. Actin nucleators 
 
The member of the formins family, Diaphanous (mDia), promotes the nucleation of 
unbranched F-actin (linear actin polymerisation). In border cells, active mDia promotes the 
translocation of Myocardin-related transcriptional factor (MRTF or MAL-D) in the nucleus. 
Once in the nucleus, MRTF bind to serum response factor (SRF) to regulate transcription. The 
transcriptional factor SRF and its cofactor MRTF are required for border cell migration to 
maintain a robust actin cytoskeleton (Somogyi and Rorth 2004). 
 
The Arp2/3 complex is mainly involved in lamellipodia formation in many cell types by 
promoting the polymerisation of branched F-actin. Although the role of this complex was not 
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studied during border cell migration, regulators of the Arp2/3 complex, such as cortactin, 
have been implicated in this process. Indeed, cortactin causes a minor migration defect 
(Somogyi and Rorth 2004). The loss of cortactin slows down the early border cell migration. 
However, most of border cell clusters lacking cortactin finally reach the oocyte meaning that 
there is a redundancy between other actin regulators in border cells.  
 
III.8.2.2. Monomers actin binding proteins 
 
 Profilin, which binds G-actin and promotes exchange from ADP to ATP allowing for growth 
of actin filaments, is strongly expressed in border cells. This protein, encoded by chickadee in 
Drosophila, is necessary for migration and could be involved in the protrusion formation 
(Verheyen and Cooley 1994). 
 
III.8.2.3. Actin filaments binding proteins 
 
Another actin regulator involved in the collective migration of border cells is Enabled (the 
homologue of Vasp in mammals). Vasp plays a role in the formation of protrusions by 
promoting actin polymerisation at the leading edge of migrating cells (Gates, Nowotarski et 
al. 2009). For that, Vasp antagonises the activity of F-actin capping proteins, which prevents 
F-actin polymerisation at barbed end. The inactivation of Enabled in border cells leads to a 
slower migration compared to control clusters. Moreover, about half of the clusters analysed 
fails to reach their final destination at stage10, while almost all control clusters arrive to the 
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oocyte. Surprisingly, the activation of Enabled also delays border cell migration. In this 
condition, the cluster morphology is also affected, extending many fine protrusions. These 
results indicate that a regulation of Enabled is needed for border cells to extend correct 
protrusions and thus efficiently migrate. The overexpression of the Drosophila capping 
protein increases the border cell migration speed. However, the role of this protein is not yet 
characterised (Gates, Nowotarski et al. 2009). 
Enabled activity and the actin cytoskeleton are regulated by the Hippo pathway during border 
cell migration. In mutant clusters for this signalling pathway, F-actin is not polarised, 
localised all around the cluster, affecting the cell architecture and the motility. This results in 
a loss of movement directionality, compared to normal border cell groups, and finally 
inducing a tumbling (rotational) behaviour. During border cell movement, Enabled is 
controlled by the Hippo/Warts signalling pathway. The Warts kinase inhibits Enabled by 
phosphorylating it. Therefore, active Capping protein interacts with F-actin on the inner 
membrane to block the actin polymerisation. Moreover, the inhibition of Hippo pathway in 
both polar and border cells lead to a stronger defect than inhibition of Hippo in border cells 
only. Generally, Hippo pathway leads to the phosphorylation and the inhibition of the 
transcriptional coactivator Yorkie (homologue of YAP/TAZ in mammals) through the Warts 
kinase. Nevertheless, the modulation of Yorkie expression in border cells does not 
significantly affect their migration. In accordance with the study of Thompson et al, Yu and 
collaborators found that in border cells the hippo pathway controls F-actin polymerisation 
independently of Yorkie (Lucas, Khanal et al. 2013, Lin, Yeh et al. 2014).  
Missing is metastasis (MIM) is a protein belonging to I-Bar family and characterised as an 
actin binding scaffold protein. In cultured mammalian cells, MIM promotes the membrane 
ruffling and the formation of filopodia (Mattila, Salminen et al. 2003, Woodings, Sharp et al. 
2003, Yamagishi, Masuda et al. 2004, Bompard, Sharp et al. 2005, Lin, Liu et al. 2005). MIM 
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was shown to promote actin polymerisation mediated by Arp2/3 complex by interacting with 
the actin binding protein, cortactin (Lin, Liu et al. 2005). In border cells, the inhibition of 
MIM decreases their migration speed, and induces a lack of directionality; suggesting 
crosstalk with PVR and EGFR, the two tyrosine kinase receptors, controlling directionality. 
Thus, MIM was identified as an inhibitor of the guidance receptors endocytosis. To do that, 
MIM acts antagonistically with cortactin, which in complex with CD2 (cluster of 
differentiation 2)-associated protein (cindr in Drosophila) promotes endocytosis (Quinones, 
Jin et al. 2010). 
 
III.8.2.4. Severing proteins 
 
ADF/cofilin is one actin regulators with opposite dual functions. It generates free barbed-end 
by severing F-actin. This mechanism favours actin polymerisation. On the other end, it also 
leads to actin depolymerisation, and allows free G-actin to be available for polymerisation. In 
border cell clusters, active cofilin (non-phosphorylated) is more present at the leading edge 
than in the rest of the group. In border cells, this actin regulator protein is required for 
migration. Moreover, when they are migrating, the cofilin mutant clusters lose the 
directionality of their movement, and appear rounder than control with less protrusions 
extended, especially by the leader cell (Chen, Godt et al. 2001). Thus, the presence of active 
cofilin could be necessary to control the extension of the leading protrusion, and consequently 
for the migration process. In 2001, the regulation of cofilin activity was studied (Chen, Godt 
et al. 2001). In border cells, Rac signalling regulates cofilin activity. Rac is required to 
phosphorylate and thus inactivate cofilin through the downstream effectors, PAK and LIMK 
(Zhang, Luo et al. 2011). The effect of Rac signalling is homogeneous within border cell 
INTRODUCTION	–	Chapter	III Page	99	
 
clusters. The other small RhoGTPases RhoA (called Rho1 in Drosophila) could also 
participate to phosphorylate cofilin through ROCK. But RhoA may control cofilin activity 
with fewer incidences than Rac signalling. To explain the polarity of active cofilin (more 
abundant at the front of the cluster), the role of guidance receptors, PVR and EGFR, has been 
tested. These receptors regulate the directionality of the migration. PVR was found as 
controlling the localisation of cofilin, inducing an accumulation of global cofilin at the front 
of the cluster (Zhang, Luo et al. 2011). Finally, the hypothesis explaining why cofilin is more 
active at the front is that its phosphatase slingshot and chronophin could be more abundant at 
the leading edge (as reported in mammalian cells). In leading cells, cycles of cofilin activation 
and inactivation, by Rac and its phosphatases respectively, could be necessary for protrusive 
activity. 
 
The role of twinfilin was studied in vivo, during border cell movement. Twinfilin is a protein 
tyrosine kinase known to repress actin assembly, by sequestering actin monomers. In 2011, 
Wang D. et al observed that Twinfilin negatively regulates F-actin polymerisation and is 
needed for an efficient migration of border cells (Wang, Zhang et al. 2010). 
 
III.8.2.5. Bundles proteins 
 
Drosophila filamin (encoded by cheerio) belongs to the actin binding proteins family. Its role 
is to crosslink cortical F-actin to stabilise a dynamic three-dimensional structure. Filamin can 
interact with many molecules including RhoA small GTPases. Filamin is highly express in 
border cells, both in cytoplasm and membranes, particularly at border-border cell contacts 
(Sokol and Cooley 2003). Although, mutated filamin does not inhibit clusters from reaching 
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the oocyte, the migration speed is strongly slow down compared to the migration of control 
border cells (Sokol and Cooley 2003).  
 
Furthermore, fascin, an actin filament stabilising factor strongly expressed in border cells, 
does not have effect migration (Cant, Knowles et al. 1994). 
 
III.8.2.6. Other regulators of actin dynamics 
 
In 2011, the psidin was identified as controlling the protrusive activity of border cells and 
their migration (Kim, Cho et al. 2011). Psidin is the homologue of the human Psid protein, 
which physically interacts with F-actin and, affects the speed and the directionality of 
migration of human cancer cells. This protein acts as actin regulator as wells as an antagonist 
of tropomyosin. Border cell cluster mutants for psidin failed to reach the oocyte and it was 
frequently observed that some clusters did not detach from the anterior pole of the egg 
chamber. Moreover, overexpression of Psidin in border cells promotes longer and more stable 
protrusions compared to control conditions (Kim, Cho et al. 2011). To understand this, 
physical interactions between psidin and actin filaments were demonstrated biochemically, 
although Psidin does not affect actin polymerisation in vitro. However, in border cells, Psidin 
genetically interacts with Tropomyosin. In mammals, Tropomyosin is known to bind F-actin 
to prevent the recruitment of Arp2/3 complex, cofilin, and other regulators promoting actin 
polymerisation. Therefore, border cell migration could require a tight regulation of Psidin and 
tropomyosin activities to control the protrusion formation (Kim, Cho et al. 2011).   
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Surprisingly, while border cells are already differentiated, the Drosophila inhibitor of 
apoptosis (DIAP1) has been identified to promote collective migration. Border cell clusters 
lacking DIAP1 fail to reach the oocyte. DIAP1 could participate in the actin regulation 
because the expression of the mutant form of DIAP1 (encoded by thread) causes a reduction 
of F-actin signals in border cells. It was further demonstrated that the role of DIAP1 during 
border cell movement on F-actin regulation is via the small GTPase Rac. Indeed, the 
overexpression of DIAP is able to rescue the migration defects induced by the inhibition of 
Rac. A genetic interaction was identified between DIAP1 and the profilin (encoded by 
chickadee in Drosophila) to support the role of DIAP on the cytoskeleton. The profilin, which 
enhances actin polymerisation, also rescues the migration of border cells lacking Rac. Thus, 
DIAP1 contributes to promoting border cell migration controlling Rac activity and the actin 
cytoskeleton. DIAP1 could protect Rac and actin cleavage by inhibiting the caspase 9, called 
Dronc in Drosophila (Geisbrecht and Montell 2004, Mathieu, Sung et al. 2007). 
In 2014, the gliamaturation factor (GMF), which is an Arp2/3 complex inhibitor and an actin 
filament debranching factor, was identified as a regulator of the protrusive activity in border 
cell clusters (Poukkula, Hakala et al. 2014). Indeed, the mutation of GMF in border cells leads 
to more stable protrusion compared to control cells. Although the inhibition of GMF does not 
prevent border cells from reaching the oocyte, it interacts genetically with cofilin co-factor, 
Aip1 to control the dynamics of protrusions in migrating border cells. Depletion of both 
proteins, GMF and Aip1, induces a strong accumulation of F-actin and stabilises the actin 
cytoskeleton. These two proteins are able to control Arp2/3 complex, which promotes 
branched F-actin. Thus, GMF and Aip1 promote Arp2/3-nucleated actin filaments 




III.8.3. Myosins involved in border cell migration 
 
Myosins are a motor protein family involved in many cellular processes, such as cell 
contraction. In Drosophila, several myosins are presents: Myosin IA (encoded by Myo 31DF), 
Myosin IB (encoded by Myo 61F), Myosin I-C (encoded by Myo 95E), Non-muscle myosin II 
(NMII) (encoded by zipper), Muscle myosin II heavy chain (encoded by Mhc), NinaC 
(encoded by ninaC), Myosin V (encoded by didum), Myosin VI (encoded by jaguar), Myosin 
VIIA (encoded by crinkled), Myosin VIIB (encoded by Myo 28B1), Myosin XV (encoded by 
Myo 10A), Myosin XVIII (encoded by Myosin heavy chain-like), and an unconventionnel 
myosin (encoded by Myo 29D). 
The motor protein VI has been involved in cell motility of border cells. This protein is crucial 
for the migration of the group. Border cells lacking myosin VI failed to reach the oocyte. The 
migration defects induced by the inhibition of myosin VI is due to a downregulation of DE-
cadherin and -catenin (Armadillo in Drosophila). Therefore, myosin VI is necessary to 
stabilise DE-cadherin and -catenin and allows a correct border cell migration (Geisbrecht 
and Montell 2002). 
The non-muscle myosin II has been largely involved in border cell migration. However, I will 







III.9. Rho Small GTPases in Drosophila border cells 
 
In Drosophila there are eight members of the Rho family small GTPases, subdivided in Rac 
subfamily (Rac1, Rac2, Mig-2-like (Mtl)), Cdc42 subfamily (Cdc42), RhoA subfamily 
(Rho1), RhoBTB subfamily (RhoBTB), RhoU/V subfamily (RhoU), and Rnd subfamily 
(RhoL) (Raftopoulou and Hall 2004). Rac, RhoA and cdc42 subfamilies are the main 
RhoGTPases involved in the regulation of acto-myosin cytoskeleton. From different cells 
cultured during migration, Rac and Cdc42 are known to control the extension of lamellipodia, 
filopodia whereas RhoA regulates the formation of actomyosin stress fibres. Like in 
mammalian cells, the inactive form of GTPases (GDP bound form) is activated by Guanosine 
nucleotide exchange factors (GEFs). GEFs catalyse the nucleotide exchange from GDP to 
GTP. The inactivation of GTPases through GTP hydrolysis is controlled by the GTPase 
activating proteins (GAPs) (Etienne-Manneville and Hall 2002). 
 
III.9.1. Rho Small GTPase Rac1 in Drosophila border cells 
 
The extension of protrusions by border cells is crucial for their detachment and migration in 
between the nurse cells to reach the oocyte. These formed protrusions are enriched in F-actin, 
larger than filopodia and thicker than lamellipodia (Prasad and Montell 2007). During border 
cell migration, in response to guidance cue signalling, one or two cells at the front of the 
cluster extend protrusions to promote the migration of the entire group. The other cells (side 
or back) extend fewer protrusions, generally smaller and less stable than leader cells (Fulga 
INTRODUCTION	–	Chapter	III Page	104	
 
and Rorth 2002, Prasad and Montell 2007). The Rho small GTPase Rac is required for the 
formation and the dynamics of protrusions. Rac is indispensable for border cell migration.  
There are three Rac genes in Drosophila, Rac1, Rac2 and Mtl. Clusters in which some cells 
express a mutant form of Rac1, Rac2 and heterozygous Mtl do not migrate correctly 
(Geisbrecht and Montell 2004). However, only the inhibition of Rac1 is sufficient to block the 
migration. Thus, only Rac1 protein has been studied in this process. Most of border cells 
specifically overexpressing a dominant negative form of Rac (RacN17) fails to detach and to 
migrate (Murphy and Montell 1996, Duchek, Somogyi et al. 2001, Geisbrecht and Montell 
2004). Less than 5% of border cell clusters reach the oocyte when Rac is inhibited. On the 
other hand, the overexpression of a constitutive active form of Rac (RacV12) strongly inhibits 
the migration, with 90% of clusters that do not detach from the epithelium (Duchek, Somogyi 
et al. 2001) (Figure 29).  
 
Figure 29: Role of Rac for border cell migration. 
A. Schematic border cell migration within the egg chamber. Nurse cells (nc), oocyte (o), 
centripetal cells (cc), posterior follicle cells (pfc), and border cells (red) are indicated. 
During stage 9 of oogenesis, border cell clusters delaminate, migrate in between nurse cells 
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and reach the oocyte. B. Border cells expressing RacN17 (constitutive inactive form of Rac) 
do not migrate at stage 10. Egg chamber was stained with anti-Rac antibody in a stage 10 
egg chamber. Inset shows that slbo-Gal4-mediated expression of GFP in border cells (bc) 
and not polar cells (pc). Fas III protein (red) is expressed between the two polar cells. 
C.Border cells expressing a constitutive active form of Rac (RacV12) in a stage 10 egg 
chamber stained with rhodamine-phalloidin are not able to migrate (adapted from 
(Geisbrecht and Montell 2004)). 
In 2010, Denise Montell’s lab used a FRET (Förster Resonance Energy Transfer) biosensor 
probe to monitor the activity of Rac in border cell clusters. As a result, they demonstrate that 
active Rac is mainly localised at the front of the cluster during border cell migration (Wang, 
He et al. 2010) They also developed photoactivatable analogues of Rac (PA-Rac), allowing 
activation or inactivation of Rac by light. Experiments of local Rac activation confirmed that 
this small GTPase is responsible for actin polymerisation and protrusion formation during 
border cell migration (Wang, He et al. 2010). Indeed, a local activation of Rac induces 
membrane ruffling and determines the direction of border cell clusters migration. Activation 
or inactivation of Rac in one cell polarises border cell groups to control the directionality of 
their movements. 
 
III.9.1.1. Regulation of Rac1 in Drosophila border cells 
 
Rac1 is positively regulated by GTP exchange factors (GEF) which are conserved in 
Drosophila: Vav, DOCK180 (myoblast city (mbc) in Drosophila), Trio. Even if the 
overexpression of Trio, Vav and DOCK180 can rescue the migration defects induced by the 
inhibition of Rac (RacN17), there are not all required for border cell migration alone 
INTRODUCTION	–	Chapter	III Page	106	
 
(Geisbrecht and Montell 2004). Alone, the inhibition of Trio does not have an effect on border 
cell migration (Geisbrecht and Montell 2004). In contrast, the expression of a mutant form of 
DOCK180 in some border cells induces a strong migration delay, with only 10% of clusters 
reaching their final destination (Duchek, Somogyi et al. 2001). ELMO forms a complex with 
DOCK180 to regulate the early phase of border cell migration (Bianco, Poukkula et al. 2007). 
The Rac GEF Vav is also required for a normal border cell migration. Indeed, 76% of the 
clusters expressing a mutant null allele or an RNAi against Vav do not reach the oocyte 
(Fernandez-Espartero, Ramel et al. 2013). Moreover, the expression of Vav RNAi not only 
induces a decrease of the migration speed but also affects the protrusion dynamics. Border 
cells clusters expressing Vav RNAi extend more protrusions, but smaller and less stable than 
control border cells (Fernandez-Espartero, Ramel et al. 2013). Consistently, the activity of 
Rac is decreased in border cells expressing Vav RNAi compared to control clusters. 
Moreover, the inhibition of Vav also block the polarity of Rac observed in control cells. 
Finally, DOCK 180 and Vav could act together as Rac GEF to regulate Rac activation and 
localisation (Duchek, Somogyi et al. 2001, Fernandez-Espartero, Ramel et al. 2013).  
Interestingly, both DOCK180 and Vav RacGEF could be regulated by the guidance receptors 
PVR and EGFR (Duchek, Somogyi et al. 2001, Fernandez-Espartero, Ramel et al. 2013). 
Definitely, the role of guidance receptors PVR and EGFR are also important in the regulation 
of protrusions and thus Rac activity. The constitutive activation of PVR signalling induced a 
strong accumulation of F-actin similar than the one induced by the overexpression of an 
active form of the small GTPase Rac (RacV12) in border cells (Duchek, Somogyi et al. 2001). 
F-actin accumulation observed after the constitutive PVR signalling can be rescued by 
inhibition of either DOCK180 or ELMO (Duchek, Somogyi et al. 2001, Bianco, Poukkula et 
al. 2007).  Therefore, the complex DOCK180/ELMO can act downstream of PVR.  On the 
other hand, the expression of a constitutive active form of Vav in border cells blocks their 
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migration and induces a strong accumulation of F-actin, like the expression of active forms of 
Rac, PVR and EGFR (Duchek and Rorth 2001, Duchek, Somogyi et al. 2001, Fernandez-
Espartero, Ramel et al. 2013). Vav can interact physically and genetically with both PVR and 
EGFR, suggesting that Vav could act downstream of these two receptors to activate Rac.  
 
III.9.1.2. Regulation of actin by GTPase Rac signalling in Drosophila border 
cells 
 
As in mammalian cells Rac is known to bind and activate Pak, which induces a 
phosphorylation of cofilin in order to inhibit the depolymerisation of actin, through the 
activation of LIM kinases (LIMK) in border cells. The decrease of Pak expression in border 
cells alone has no significant effect on migration (Geisbrecht and Montell 2004). However in 
2001, Chen’s lab discovered that the final effector of the Rac signalling pathway, cofilin, 
orthologue of twinstar in Drosophila, is necessary for a normal border cell migration (Chen, 
Godt et al. 2001). 
 
III.9.2. Rho small GTPase Cdc42 in Drosophila border cells 
 
Cdc42 is known to have similar function of Rac in the actin polymerisation and thus 
protrusive activity. In border cells, only one study reports the role of Cdc42. The defect of 
migration induced by the overexpression of a dominant negative form of Cdc42 in border 
cells is not dramatic because only 25% of clusters fail to reach the oocyte. However, 
inhibition of Cdc42 activity affects the cluster integrity in more than 40% of border cell 
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groups. Clusters appear to spread with several ectopic long protrusions. Similar results 
observed for the inhibition of cdc42 are seen for inhibition ofJun N-terminal kinase. By using 
reporters of the JNK activity, Llense et al. found that Cdc42 positively regulates this kinase. 
Through its action on JNK, Cdc42 also controls the polarity (PAR-3) of border cells, cell 
adhesion molecules between border cells (DE-cadherin), and the distribution of substrate 
adhesion molecule (-integrin) and motor protein (myosin VI) (Llense and Martin-Blanco 
2008). Indeed, the inhibition of cdc42 delocalises DE-cadherin from border cell contacts, and 
induces -integrin enrichment at the tip of ectopic protrusions together with myosin VI. 
However, at this time, the regulation of this small Rho GTPase as well as its effect on actin 
cytoskeleton organisation is not known in border cells. 
 
III.9.3. Rho small GTPase RhoA in Drosophila border cells 
 
In Drosophila, there is one homologue of the human RhoA protein, called Rho1. As 
mentioned before, RhoA is critical for stress fibre activation. The main signalling pathway 
regulated by RhoA requires its downstream players ROCK and NMII. In Drosophila only one 
homologue of ROCK is present and encoded by the rok gene. As described before, NMII is 
composed of three subunits: Myosin Heavy Chain (MLC, encoded by zipper (zip) in 
Drosophila), Myosin Regulatory Light Chain (MRLC, encoded by spaghetti squash (sqh) in 
Drosophila) and the Essential Light Chain (ELC encoded by Myosin light chain cytoplasmic 
(Mlc-c) in Drosophila).  
The role of RhoA and its effectors (ROCK, NMII) have not been extensively studied and have 
less drastic effects as compared to Rac signalling during border cell migration. However, the 
expression of a dominant negative form of RhoA (RhoAN19) in border cells affects their 
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morphology. As RhoA is implicated in the retraction process, border cell clusters spread out 
along the anterior posterior axis. Moreover, strong migration delays were observed after the 
inactivation of RhoA in border cells. Indeed, many cells don’t achieve their migration and 
thus don’t reach the oocyte (Strutt and Strutt 2007). 
The border cell clusters expressing a constitutive active form of RhoA (RhoAV14) appear 
compacted and rounded, and they extend fewer and smaller protrusions compared to wild-
type cells. Their migration is also altered; around 50% of the clusters are delayed (Bastock 
and Strutt 2007, Aranjuez, Burtscher et al. 2016). Together these data demonstrate that RhoA 
is important for a normal border cell migration. Furthermore, Bastock et al, showed that the 
planar polarity pathway Frizzled/Strabismus is required for an efficient border cell migration, 
by positively controlling RhoA activity.  
 
III.9.3.1. RhoA/ROCK/non-muscle myosinII pathway in Drosophila border 
cells 
 
As in mammalian cells, non-muscle myosin II (NMII) is one of the main driving forces for 
cell migration. NMII controls cell migration by contracting the actin cytoskeleton. In 
Drosophila, NMII is composed of three subunits: the Drosophila heavy chain (MHC) is 
Zipper (Zip), the essential light chain is myosin light chain-cytoplasmic (Mlc-c), and the 
myosin regulatory light chain (MRLC) is Spaghetti squash (Sqh). The activity of the MRLC is 
controlled by the RhoA (called Rho1 in Drosophila) signalling pathway. RhoA is also 
activating the Rho-associated kinase ROCK (encoded by rok inDrosophila) and myosin light 
chain kinase (MLCK). Both of kinases phosphorylate MRLC to activate NMII, whereas 




In 1996, Edwards et al were the first to demonstrate the importance of NMII for border cell 
migration. NMII is accumulated at the cortical membrane of the cluster, at both leading and 
trailing edges, and allow border cell motility. The mutation of NMII blocks the migration 
process, and almost all border cell mutants for sqh do not detached from the epithelium 
(Figure 30) (Edwards and Kiehart 1996).Other studies found that ROCK/NMII signalling 
pathway is crucial during border cell migration. Indeed, affecting NMII activity by expressing 
a null allele of sqh, a dominant negative form of zip, RNAi against sqh or zip, a strong mutant 
allele of ROCK, or an RNAi against ROCK in border cells, severely blocked the movement of 
border cell clusters. Additionally, cells expressing a null allele of NMII, or a dominant 
negative form of the myosin heavy chain (MHC, zipper (zip) in Drosophila) extended longer 
protrusion than wild-type cells (Fulga and Rorth 2002, Majumder, Aranjuez et al. 2012). 
 
Figure 30: NMII localisation and activity in border cells. 
Representative egg chambers stained for anti phosho-sqh (pSqh, or pMRLC in mammalian 
cells) (magenta coloured in top panels; white coloured in bottom panels) and anti-DE-
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cadherin antibodies (E-cad, green coloured in top panels) in the indicated genotypes. A. In 
wild-type border cells, active NMII is mainly localised in the cortex region. B. The knockdown 
of Rok (ROCK in mammalian cells) reduced the level of NMII activity, while DE-cadherin 
levels are not affected. C. Border cells overexpressing Rok have high pSqh levels, and 
equivalent DE-cadherin levels (adapted from (Majumder, Aranjuez et al. 2012)). 
 
McDonald’s lab also demonstrates that ROCK and NMII activities are also essential for the 
detachment process. During detachment process, the activation and localisation of NMII are 
regulated by the cell polarity protein Par-1. Par-1 controls NMII activity by phosphorylating 
and thus inactivating (Majumder, Aranjuez et al. 2012). 
Recently, McDonald’s lab highlights a new function for the NMII activity during border cell 
migration. The dynamic of NMII is necessary to maintain the shape and structure of border 
cell clusters. The surrounding nurse cells apply forces on border cells. Therefore, NMII is 
upregulated at the cluster periphery in order to balance forces between nurse cells and border 
cells and maintain cluster morphology. The modulation of the cell contraction and tension of 
nurse cells, due to an ectopic increase of NMII activity in nurse cells through the 
overexpression of RhoGEF2, prevents correct migration of border cells (Aranjuez, Burtscher 
et al. 2016). However the role of the environment on the migrating border cells is poorly 
studied, even though the environment might have an important role to ensure an efficient 
migration of border cells. 
As mentioned above, the activity of small Rho GTPases is controlled by GEF and GAP. The 
best Rho GEF known as RhoA activator is the RhoGEF2, while p190RhoGAP is reported as 
the major inhibitor of RhoA in Drosophila. However the roles of these two proteins have not 
been studied during border cell migration. 
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Chapter IV: Aim of this PhD thesis 
 
Regulation of the acto-myosin cytoskeleton is essential for border cell movement (Montell, 
Yoon et al. 2012). Border cells must integrated many signals to correctly migrate. Two 
guidance receptors control the directionality of their migration, especially by regulating the 
actin cytoskeleton (Duchek and Rorth 2001, Duchek, Somogyi et al. 2001, McDonald, 
Pinheiro et al. 2006). However, in wild-type border cell migration, two behaviours have been 
observed. From the detachment to the half of migration, border cells go forward, using a 
linear movement, in which one cell extends protrusions and leads the migration of the entire 
group. Later, a tumbling (rotational) movement is used by border cells to reach the oocyte 
(Bianco, Poukkula et al. 2007, Poukkula, Cliffe et al. 2011). When they rotate, the leader cell 
is often changing its position, and protrusions are no longer extended in the forward direction.  
The aim of this work was to identify the molecular mechanism which induces the transition 

















Chapter I: Myosin II governs collective cell migration 




In many biological processes, cells can move individually or in a coordinated and collective 
manner. Collective migrations are necessary during several embryo developmental processes, 
and pathologies such as inflammatory diseases or metastasis formation. During Drosophila 
oogenesis, border cells, a group of six to ten cells, migrate in between nurse cell until the 
oocyte, within the egg chamber and provide a good model to study collective cell migration in 
vivo. Border cell migration is divided in to two phases. From the anterior pole of the egg 
chamber to the half of migrated distance, border cells adopt a linear movement, in which each 
cell maintains its position within the cluster and one leader cell drive the migration. Midway 
of the migration path, border cell clusters rotate to reach the oocyte. During this second phase, 
any cell can take the lead of the migration. Border cells are guided by a growth factors 
gradient. They express two guidance receptors to these growth factors: PVR (Platelet-derived 
growth factor receptor (PDGFR) and Vascular endothelial growth factor receptor (VEGFR) 
receptor Related) and EGFR (Epidermal Growth Factor Receptor). Recent studies showed 
that PVR plays a crucial role in the first phase, and EGFR predominantly regulates the second 
phase of migration. 
In this study we start to elucidate the molecular mechanism regulating the choice between 
linear and rotational movements. We identified the NMII as the key regulator of the switch 
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between linear and rotational behaviour. Moreover, we determined that guidance receptors are 
controlling NMII activity in border cells, and thus control the mode of migration chosen. Our 
data shows that NMII is antagonistically regulated by PVR and EGFR. Indeed, the inhibition 
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Myosin II governs collective cell migration behaviour downstream 
of guidance receptor signalling 
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Border cell migration during Drosophila  oogenesis is a potent  m odel 
to study collective cell migration, a process involved in development 
and   metastasis.  Border   cell  clusters  adopt   two  main   types   of 
behaviour  during   migration:   linear  and   rotational.   However,   the 
molecular  mechanism controlling the switch from one to the other is 
unknown.  Here,  we  demonstrate that  non-muscle Myosin II  (NMII, 
also   known  as  Spaghetti squash) activity  controls   the  linear-to- 
rotational  switch.  Furtherm ore, we show  that the  regulation  of NMII 
takes place downstream of guidance receptor signalling and is critical 
to ensure efficient collective migration. This study thus provides  new 
insight into the molecular  mechanism coordinating the different cell 
behaviours in a migrating cluster. 
 
KEY WORDS: Myos in II, Border cells, Collective cell migration, 
Guidance  receptor   
 
INTRODUC TION 
Collective cell migration plays a key role in normal development 
and in pathological conditions such as metastasis formation 
(Thiery, 2009). This mode of migration applies to different sizes 
of cell cohorts and can adopt various organisations such as sheets, 
strands or small clusters (Friedl and Gilmour, 2009; Malet-Engra 
et al., 2015). However, how cell dynamics are coordinated during 
collective migration in response to extracellular cues remains an 
intriguing question. Border cell migration during Drosophila 
oogenesis is a simple model to study collective cell migration in 
vivo (Montell et al., 2012). These groups of cells migrate between 
nurse cells to reach the oocyte (Fig. 1A). The directionality of 
border cell migration is defined by the polarised activity of 
guidance receptors, the epidermal growth factor receptor (EGFR) 
and the platelet-derived growth factor (PDGF)- and vascular 
endothelial growth factor (VEGF)-receptor related (PVR) (Duchek 
and Rørth, 2001; Duchek et al., 2001). Studies of border cell 
movements have revealed that migration is divided into two phases: 
a linear movement characterises the early phase (the first half ) with 
a single cell leading the others, whereas later,  the forward migration 
appears less organised with rotational (also called tumbling) 
movement in which each cell of the cluster is able to take the lead to 
drive the migration (Bianco et al., 2007; Poukkula et al., 2011). 
 
 
1LBCMCP, Centre  de Biologie Integrative (CBI), Universite de Toulouse, CNRS, 
UPS, 31062  Toulouse, France. 2DamCB, Data Analysis and  Modelling for Cel l 
Biology, Marseille F-13005,  France. 3INSE RM , UMR 1043,  Centre  de 
Physiopathologie de Toulouse  Purpan, 31024  Toulouse, France. 4Universi te 
Toulouse III Paul-Sabatier, 31062  Toulouse, France. 5CNRS, UMR 5282,  31204 
Toulouse, France. 
*These authors contributed equally  to this w ork  
 
‡A utho r for correspondence (xiaobo.w ang @ un iv -tl s e3.fr) 
 
Received 1 September 2015;  Accepted 18 March  2016 
Although PVR and EGFR seem redundant, PVR mostly controls 
the first step of migration and EGFR the second step (Poukkula 
et al., 2011). However, apart from this implication of guidance 
receptors and potentially the Hippo pathway (Lucas et al., 2013), 
nothing is known about the molecular mechanisms that drive the 
switch between the two modes of migration. In this study, we show 
that non-muscle Myosin II (NMII, also known as Spaghetti squash) 
is necessary to promote a rotational behaviour in addition to its role 
in the detachment process (Majumder et al., 2012). Moreover, we 
show that EGFR regulates positively NMII, whereas PVR has an 
inhibitory impact on NMII activity. Taken together, these data 
demonstrate the central role of NMII in the control of the migratory 
behaviour of border cells. 
 
RESULTS  AND DISC USS ION 
Control of NMII activation is crucial for ensuring collective 
migration 
Given that NMII is highly expressed in border cells (Edwards and 
Kiehart, 1996) and that actin dynamics is the main driving force 
during border cell migration (Majumder et al., 2012; Murphy and 
Montell, 1996), we asked whether the actomyosin cytoskeleton 
could be involved in the switch between these two behaviours. First, 
we tested the role of NMII regulation in the efficiency of collective 
migration in terms of speed and ability of the cells to reach their 
destination. We  calculated the  average  speed  of  each  type  of 
migration in NMII-activated [overexpression of the active version of 
its kinase ROCK (ROCK CA) or overexpression of a constitutively 
active version of Rho1 (RhoV14)] or -inactivated (expression of 
RNAi  against  ROCK  or  NMII  or  overexpression of  the  Mbs 
phosphatase, a negative regulator of NMII activity) clusters. In both 
cases, we observed a decrease in the speed of border cell migration 
(Fig. 1B). A decrease in migration speed would theoretically result 
in a migration delay. In order to quantify whether such a delay 
occurs, we took advantage of the fact that wild-type border cells 
perform a stereotypical migration that is completely achieved by 
stage 10 of oogenesis. Therefore, we could precisely determine the 
migration index (i.e. mean migrated distance) and completion index 
(i.e. the proportion of clusters having reached the oocyte). To do so, 
the egg chamber was divided into five sections corresponding to 
different positions along the migration path (no migration, 0%; full 
migration, 100%). The number of border cell clusters in each section 
was counted on fixed egg chambers at stages 9 and 10 of oogenesis 
(Fig. S1A). Preventing NMII activation led to lower migration and 
completion indexes compared to the control in both stages 9 and 10 
egg chambers due to slower migration and detachment defects 
(Fig. 1C–F; Fig. S1A,B). However, locking NMII signalling in an 
activated state led to only moderate (stage 9) and surprisingly weak 
(stage 10) migration defects (Fig. 1C–F; Fig. S1A,B). Taken 
together, these results reveal that tight regulation of NMII is 




































Fig. 1. Rotational movement is crucial for collective cell migration . (A) Schematic representation of borde r cell migration. (B) Migration speed in the indicated 
genotypes [wild-type (WT), n=11; ROCK-RNAi, n=11; N MII -R NAi , n=13; MbsN300, n=10; ROCK CA, n=14; RhoV14, n=10]. (C) Migration indexes at stage 9 of the 
indicated  genotypes  (WT, n=78; ROCK-RNAi, n=69; NM II-R NA i, n=82; MbsN300 n=61; ROCK CA, n=72). (D) Completion  indexes a t stage 9 of the  indicated 
genotypes (WT, n=78; ROCK-RNAi, n=69; NMII-R NA i,  n=82; MbsN300, n=61; ROCK CA, n=72). (E) Migration indexes at stage 10 of the indicated genotypes (WT, 
n=109; ROCK-RNAi, n=81; NM II-R NAi , n=171; MbsN300, n=65; ROCK CA, n=83). (F) Completion  indexes at stage 10 of the indicated  genotypes (WT, n=109; 
ROCK-RNAi, n=81; N MII-R N Ai , n=171; MbsN300, n=65; ROCK CA, n=83). Results are mean±s.e.m. ***P<0.0001 (t-test for migration indexes; Chi-squared test 
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Myosin activation is required to induce rotation 
Next, we investigated the NMII distribution pattern in border cells 
during migration. We used live imaging of border cell clusters 
expressing NMII fused to GFP (Royou et al., 2002) and NLS-dsRed 
(to visualise nuclei). We first verified that accumulation of NMII– 
GFP  signal  colocalised with  staining  of  phosphorylated NMII 
( phospho-NMII), showing that NMII–GFP was a good readout for 
NMII activity in  vivo (Fig.  S2A,B).  Our  analysis revealed an 
accumulation of NMII–GFP signal at the periphery of the cluster 
that correlated with the occurrence of rotation (Fig. 2A,B; Fig. S2C), 
suggesting a link between NMII activity and the linear-to-rotational 
migration switch. Moreover, we asked whether NMII accumulation 
occured in specific regions of the cluster. We divided the group of 
cells in four sections and measured NMII levels in each sector 
(Fig. 2C). This analysis showed that NMII accumulation could 
occur in any cells of the clusters. These data indicate that NMII 
accumulation is highly dynamic throughout the cluster, which was 
confirmed by live analysis (Movie 1). To further study the role of 
NMII regulation during the linear-to-rotational switch, we 
manipulated the level of NMII activity and assessed its impact on 
the  migratory  behaviours.  Decreasing  NMII  activity,  through 
expression of ROCK RNAi in border cells, inhibited NMII 
accumulation at the cluster periphery in both the early and late 
phases of migration (Fig. 3A,B). Moreover, as compared to control 
(Fig. 2A), NMII-depleted border cell clusters mostly migrate in a 
linear fashion regardless of their position in the egg chamber and 
without affecting individual cell dynamics (Movies 2, 3, Fig. S2D,E). 
Indeed the linearity index and rotation speed ( for an explanation of 
the method, see Fig. S3) of clusters expressing ROCK RNAi in the 
late migration phase was comparable to that of wild-type early phase 
clusters (Fig. 3C,D; Movie 2). Consistent with this, as NMII activity 
is already weak in the early phase, ROCK RNAi had no impact on 
the migratory behaviour in this phase (Fig. S4A,B). Overexpression 
of the NMII phosphatase Mbs or NMII RNAi had a similar impact 
on migration behaviour (Fig. 3C,D; Figs S2D, S4A,B and Movie 3). 
Thus, inhibiting NMII activation prevents the switch from linear to 
rotational migration. In contrast, ectopic activation of NMII, using 
ionomycin drug treatment, or through overexpression of ROCK CA 
or  RhoV14,  led  to  a  strong  peripheral accumulation of  NMII 
(Fig. 3A,B). Except for RhoV14, this correlates with rotational 
migration because the beginning of migration was characterised by a 





Fig. 2. Myosin accumulates during rotation. (A) Images from a  time-lapse movie of WT clusters expressing NLS-dsRed and NM II–GFP. The trajectory of one 
nucleus is shown  be low the images . Scale bar : 10 µm. (B)  Quantification  of NMII–GFP intensity according to the migration phase (n=9) . Intensity values are 
normalised to the early wild-type (WT) value.  (C) Quantification  of NM II–GFP intensity from 3D clusters divided in four sections (n=39). Intensity values are 




























Fig. 3. Myosin controls rotational behaviour. (A) Confoca l  images showing  NMII–GFP in the indicated  backgrounds. WT, wild-type. Scale bar: 10 µm. 
(B) Quantifica tion of NMII–GFP intensity in the above contexts (n=45). Intensity values are normalised to the early WT value. (C) Linearity index quantifications 
(WT, n=11; ROCK-RNAi, n=11; NM II-R NA i, n=13; MbsN300, n=12; ionomyc in, n=10; ROCK CA, n=14; RhoV14, n=10). (D) Rotation speed quantifications (WT, 
n=11; ROCK-RNAi, n=11; NM II-R NA i,  n=13; MbsN300, n=12; ionomycin, n=10; ROCK CA, n=14; RhoV14,  n=10). Results are mean±s.e.m. **P<0.001; 
***P<0.0001 (t-test). 
phases, as for the wild-type late phase migration (Fig. 3C,D; Fig. 
S4A,B, Movies 4, 5). The paradoxical effect of RhoV14 could be 
due to the myriad of signalling cascades activated by Rho that could 
affect cell dynamics. Taken together, these data indicate that NMII 
activation is necessary and might be sufficient to induce rotational 
migration, and that regulation of NMII is essential for the linear-to- 
rotational switch as locking NMII in one state leads to a uniform 
mode of migration (linear when NMII activity is low, and rotational 
when NMII activity is high). 
 
EGFR and PVR oppositely control NMII activity 
Guidance receptors PVR and EGFR have been shown to play a 
pivotal role in the control of early and late border cell migration 
(Poukkula et al., 2011). Thus, we asked whether these guidance 
receptors were responsible for  the  regulation of  NMII activity 
during border cell migration. We first explored the relationship 
between guidance receptors and NMII by scoring for migration 
efficiency in clusters where the receptor tyrosine kinase (RTK) and 
NMII activities had been manipulated. We found that reducing 
NMII by RNAi in clusters overexpressing PVRWT   or EFGRWT 
modified the migration index of these clusters to the level of NMII 
loss  of  activity (Fig. S4C,D). These  data  indicate an  epistatic 
relationship between guidance receptors and NMII. As rotational 
movement occurs in the second phase of migration when EGFR is 
predominant, we hypothesised that EGFR could activate NMII. To 
test  this, we  first overexpressed the wild-type form of  EGFR. 
Overexpression of EGFR induced an increase of NMII activity in 
the early phase of migration (Fig. 4A,B). Consistent with this, under 
this  condition,  rotation  was  also  increased  in  the  early  phase 
(Fig. 4C,D; Fig. S4E,F, Movie 6). We then investgated the impact of 
PVR on the migratory behaviour. Overexpression of a wild-type 
form of PVR reduced the NMII signals as well as rotational 
movement in the late phase of migration (Fig. 4A–D; Fig. S4E,F, 
Movie 7). These data are consistent with a permanent Rac 
polarisation signal due to PVR expression (Fernandez-Espartero 
et al., 2013; Poukkula et al., 2011) and indicate that guidance 
receptors regulate NMII activity in order to control border cell 
behaviour. It can be inferred from these data that PVR contributes to 
inhibition of NMII activity, which prevents rotation in the early 
phase. Such inhibition could be mediated through Rac signalling. In 
a second phase, EGFR activates NMII to promote the switch from 
linear-to-rotational movement. To confirm this model, we decided 
to inhibit guidance receptors by overexpressing their dominant- 
negative form. Inhibition of PVR induced an increase in NMII–GFP 
in the early phase of migration concomitantly with a rotational 
movement (Fig. 4A–D; Fig. S4E,F, Movie 8). This result is 
consistent with a model stating that in the absence of PVR signalling 
in the first phase, EGFR activity becomes dominant, leading to an 
overt rotational behaviour as in a control late phase. Moreover, it 




























Fig. 4. EGFR contro ls Myosin activity . (A) Confocal  images showing  NMII–GFP in the  indicated  genotypes. Scale bar: 10 µm. WT, wild-type; DN dominant 
negative. (B) Quantification  of NMII–GFP intensity in the indicated  genotypes (n?31) .  Intensity values  are normalised to the early WT value. (C) Linea rity index 
quantification  in the indicated  genotypes (WT, n=11; EGFRWT, n=15; PVR DN,  n=14; PVRWT,  n=13; PVRWT ROCK CA, n=10; EGFRDN, n=15; EGFRWT 
ROCK-RNAi, n=11; EGFRWT NM II-R NAi , n=12; PVRDN NM II-R N Ai,  n=13). (D)  Rotation speed quantification  in the indicated  genotypes (WT, n=11; EGFRWT, 
n=15; PVRDN,  n=14; PVRWT,  n=13; PVRWT ROCK CA, n=10; EGFRDN, n=15; EGFRWT ROCK-RNAi, n=11; EGFRWT N M II-RN Ai , n=12; PVRDN NMII-RNAi, 
n=13). (E)  Model for the regulation  of border cell migration behaviour. Results are  mean±s.e.m. *P<0.05; **P<0.001; ***P<0.0001 (t-test). 
 
the inhibition of EGFR in the early phase of migration decreases the 
linearity index without affecting the rotation speed (Fig. S4E,F). 
This data confirms that EGFR and PVR have partially redundant 
functions on the regulation of movement linearity (Poukkula et al., 
2011). Surprisingly, EGFRDN  overexpression had a moderate effect 
on NMII activity in the second phase and no effect on the migratory 
behaviour (Fig. 4C,D; Movie 9). This result suggests that NMII 
regulation in the second phase of migration could also depend on 
other internal or external cues. Alternatively, this effect could be 
explained by the decrease of PVR activity in the second phase, 
which would lead to a decreased inhibition of NMII activity, and 
thus to a normal tumbling behaviour. Finally, we asked whether 
NMII activation was crucial in EGFR-induced rotational behaviour. 
To do so, we inhibited NMII activation in the clusters 
overexpressing EGFR using ROCK or NMII RNAi. Strikingly, 
impairing NMII activation in this context was sufficient to prevent 
the switch to rotational movement  (high linear index and low 
rotational speed) (Fig. 4C,D; Movies 10, 11). Consistent with this, 
inhibition of NMII activity in PVRWT-expressing clusters did not 
modify the migratory behaviour (Fig. 4C,D). Taken together, these 
experiments demonstrate that PVR  signalling inhibits, whereas 
EGFR activates, NMII activity in the early and late phases, 
respectively (Fig. 4E). Furthermore, we conclude that NMII 
regulation is the key  molecular event controlling the linear-to- 
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NMII – a key player that controls collective movement 
behaviours 
Our data reveal the molecular mechanisms that control the linear-to- 
rotational switch occurring during collective cell migration. We 
show that border cell migration requires finely tuned NMII 
regulation during both linear and rotational motility modes. 
Furthermore, our results suggest that EGFR controls the linear-to- 
rotational switch upstream of NMII signalling. Our hypothesis is 
that guidance receptor signalling controls rotation. Indeed, it has 
been shown that PVR controls the first phase of migration, whereas 
EGFR controls the second phase (Poukkula et al., 2011). 
Accordingly, our data demonstrate that PVR and EGFR act 
antagonistically on  the NMII-dependent linear-to-rotational 
switch. Indeed, PVR  activates Rac signalling, which could be 
responsible for NMII inhibition in the early phase (Bianco et al., 
2007; Fernandez-Espartero et al., 2013), whereas EGFR activates 
NMII during the second half of migration, thus promoting rotational 
migration. Moreover, we demonstrate that overexpression of 
EGFRDN    reduces  early  linear  migration,  which  suggests  that 
EGFR is playing a role in the first phase of migration. Consistent 
with  this,  Poukkula  et  al.  have  demonstrated that  EGFR  DN 
overexpression combined to reduce the level of the PVR effects on 
the early phase of migration even though EGFRDN  overexpression 
has only a small effect on the early movement by itself (Poukkula 
et al., 2011). These data show that PVR and EGFR have partially 
redundant functions, explaining the impact of EGFRDN  on the early 
phase of migration. Finally, it has been demonstrated that clusters 
lacking EGFR are not  able to  migrate more than  50% of the 
migration distance, suggesting that EGFR is absolutely required for 
the late migration phase (Duchek and Rørth, 2001). Taken together, 
UAS-EGFR; UAS-ROCKcat ( from Bloomington), UAS-MbsN300 ( from 
Jessica E. Treisman, New York School of Medicine, Skirball Institute of 
Biomolecular  Medicine,   USA);   Sqh-GFP   (myosin-GFP,  from   Eric 
F. Wieschaus, Department of Molecular Biology, Princeton Univeristy, 
USA). UAS-RNAi lines were from either Bloomington or Vienna 
Drosophila Centers (ROCK-RNAi, BL28797; Sqh-RNAi, V109493). All 
stocks were maintained at room temperature. Before dissection, flies were 
flattened at 30°C overnight with dry yeast. 
 
Time-lapse imaging and immunofluorescence 
Time-lapse  imaging  was  performed  as  previously  described  (Prasad 
et al., 2007). z stacks with a 1.5-μm interval were taken every 3 min for 
180 min.  Ionomycin  (3 µM,  from  Invitrogen  20 min)  treatment  and 
immunofluorescence imaging  was  carried out  as  previously described 
(Zhang and Ward, 2011). Antibodies used were anti-phospho-NMII ( from 
Robert Ward, University of Kansas, USA; 1:1000) and Alexa-Fluor-555- 
conjugated anti-guinea-pig-IgG antibodies (Fischer Scientific, 1:400). 
Images were captured using a Zeiss 710 microscope or a Leica DM6000 
and processed with Image J. 
 
Mathematic analysis of rotational and linear behaviour 
Manual tracking 
We tracked each nucleus within a cluster in 3D through the plugin MtrackJ 
from ImageJ software. 
 
Measurement  of rotation speed 
The 2D trajectories of individual cells are corrected to the cluster centre. We 
measured the angle between the positions of an individual border at two 
different time points and the cluster centre. Rotation speed was calculated 
using the following equation:
atan ðy   = x   Þ  atanð y       = x       Þ 
 
180 these data allow us to propose a model where the early migration Rotation speed (degree/s) ¼ n   1 n   1 60;
phase is mainly controlled by PVR signalling through Rac 
polarisation. In this phase, EGFR could act redundantly to control 
migration. In late migration phase, EGFR alone controls the 
migration behaviour by regulating both Rac and NMII (Fig. 4E). 
We show that locking NMII into either an inactivated or 
activated state affects the speed of migration. The fact that linear 
migration efficiency is also affected when NMII is inhibited 
suggests that, rather than total inhibition, linear migration might 
require restricted activation of NMII. The linear-to-rotational 
switch could thus be linked to a change in NMII activity level 
from the single cell to the cluster level. Indeed, localised NMII 
signalling could be required during the initial polarised migration, 
whereas  collective  NMII  regulation  would  dominate  the  later 
phase for more efficient migration through the nurse cells 
(Majumder et al., 2012). We suggest that rotation and activation 
of NMII could be a response to environmental changes. Indeed, 
border cell clusters meet different types of nurse cell organisation, 
which could impact on their morphology directly and/or indirectly 
through modification of the local distribution of the gradient or 
mechanical stress. 
Using NMII regulation to switch from one mode to the other 
ensures a rapid, coordinated cell adaptation that might be crucial for 
optimal migration both during development and cancer metastasis. 
Future work should further unravel the complexity of guidance- 
receptor-dependent NMII regulation during collective cell 
migration. 
 
MATERIALS AND METHODS 
Fly genetics 
slbo-Gal4,   UAS-mCD8::GFP   UAS-NLS-dsRed drives   UAS   transgene 
expression. Other stocks used were: UAS-PVRDN, UAS–EGFRDN, UAS-PVR, 
tn  tn 1                            
    p    
 
 
where xn and yn are nuclei position in x and y at the time n, xn?1 and yn?1 are 
nuclei position in x and y at the time n?1, and t is the time. This calculation is 
done for any time point of a movie and the final result represents the mean of 
the rotation speeds. 
 
Measurement of linearity index 
The linearity index was calculated as the average of the cumulative migrated 
distance of the cluster centre divided by the cumulative distances migrated 
by each nucleus. 
 
Quantification of Myos in II intensity 
NMII–GFP intensity levels at the 2D and 3D cluster cortex region were 




The distance of the cluster centre between the first and last time points was 
divided by the elapsed time. 
 
Migration speed of individual border cell 
The distance covered by individual border cell between each time point was 
measured and divided by the elapsed time. 
 
Quantification of border cell phenotypes 
Migration phenotypes were calculated as described previously (Assaker 
et al., 2010). 
 
Statistical analysis 
Data are presented as mean±s.e.m. A t-test was used except for completion 
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Summary: Non-muscle myosin II (NMII) is the key regulator for the control of border cell behaviours. Positively regulated by EGFR, 






































Supplementary Figure 2: Border cell cluster trajectory and NMII GFP probe validation 
 
A. Representative images showing the intensity and the distribution of NMII-GFP and pMLC 
control border cell cluster. Strong colocalized signals are marked by a white rectangle. B. Plot 
intensity of NMII-GFP (green line) and p-MLC (red line) at the cortex from the region marked by 








trajectories of 3 nuclei from the time-lapse movie of wild-type border cells shown in Fig 2A 
during linear (weak NMII accumulation) and rotational movements (strong NMII accumulation). 
D. First images of border cell migration movies for the indicated genotypes. The trajectory of one 
nucleus during the whole movie (3 hours) has been plotted on the first displayed image. Scale 
bar, 10 µm. E. Migration speed of individual border cell in NMII positive or negative border cell 











Supplementary Figure 3: Cell tracking method, and migration quantification 
 
A. 3D reconstruction of time-lapse confocal images of wild type border cells expressing NLS- 
dsRed. The positions of two nuclei were tracked manually (orange and blue lines). Scale bar, 10
µm. B and C. Schematic representation of linearity index calculation. B. When migration is 
 
linear, border cells and the corresponding cluster centre have parallel trajectories. Thus, the ratio 
between the distances migrated by border cells and the cluster centre is close to 1. C. When 
migration is rotational, the distance migrated by border cells is higher than the distance migrated 
by the cluster centre. Thus, the ratio between the distances migrated is lower than 1. D. Linearity 
index quantification in wild type border cell clusters at the early and late stages of migration. E. 
Rotation speed quantification in wild type border cell clusters at the early and late stages of 
migration. Note that from the early, linear phase to the late, rotational phase, the linearity index 
decreases, while rotation speed increases, allowing us to use these values to discriminate between 
rotational  movement  and  linear  movement  (in  D  and  E  n?40  border  cells  from  10  filmed 













Supplementary Figure 4: Analysis of migration behaviours 
 
A. Linearity index quantification of border cell clusters of the indicated genotypes in the early 
and late phases of migration (WT n=11 clusters; ROCK RNAi n=11 clusters; NMII RNAi n=13 
clusters; mbs N300 n=12 clusters; Ionomycin n=10 clusters; ROCK CA n=14 clusters; RhoV14 
n=10 clusters). ** P<0.0001 (Student's t-test). Error bars show s.e.m. B. Rotation speed 






migration (WT n=11 clusters; ROCK RNAi n=11 clusters; NMII RNAi n=13 clusters; mbs N300 
n=12 clusters; Ionomycin n=10 clusters; ROCK CA n=14 clusters; RhoV14 n=10 clusters). ** 
P<0.0001 (Student's t-test). Error bars show s.e.m. C. Migration indexes of border cell clusters at 
stage 10 of the indicated genotypes (PVR WT n=94; NMII RNAi n=171; PVR WT NMII RNAi 
n=88 clusters). *** P<0.0001 (Student's t-test). Error bars show s.e.m. D. Migration indexes of 
border cell clusters at stage 10 of the indicated genotypes (EGFR WT n=101; NMII RNAi
n=171; EGFR WT NMII RNAi n=97 clusters). *** P<0.0001 (Student's t-test). Error bars show 
 
s.e.m. E. Linearity index quantification of border cell clusters of the indicated genotypes in the 
early and late phases of migration (WT n=11 clusters; PVR WT n=13 clusters; EGFRDN  n=15 
clusters; EGFR WT ROCK RNAi n=11 clusters; EGFR WT NMII RNAi n=12 clusters; PVRDN 
NMII RNAi n=13 clusters; EGFR WT n=15 clusters; PVRDN n=14 clusters; PVR WT ROCK CA 
n=10  clusters).  **  P<0.0001  (Student's  t-test).  Error  bars  show  s.e.m.  F.  Rotation  speed 
quantification of border cell clusters of the indicated genotypes in the early and late phases of 
migration (WT n=11 clusters; PVR WT n=13 clusters; EGFRDN n=15 clusters; EGFR WT ROCK 
RNAi n=11 clusters; EGFR WT NMII RNAi n=12 clusters; PVRDN NMII RNAi n=13 clusters; 
EGFR  WT  n=15  clusters;  PVRDN   n=14  clusters;  PVR  WT  ROCK  CA  n=10  clusters).  ** 


































































































































































Supplementary movie 8. Migration of border cells expressing dominant negative form of PVR 
 











Supplementary movie 9. Migration of border cells expressing dominant negative form of EGFR 
 
















Supplementary movie 10. Migration of border cells expressing wild-type form of EGFR and 
 























Supplementary movie 11. Migration of border cells expressing wild-type form of EGFR and
 






ChapterII: The balance between Rac and Myosin II 





The increasingly recognised roles of collective cell migration in a variety of processes such as 
morphogenesis and cancer invasion make it essential to understand the underlying 
mechanisms. Collective migration applies to many cells migrating as a cohesive group with 
each cell coordinating its own movement with that of its neighbours. This coordination 
requires acute regulation of small GTPase activities at the level of the cell and also at the level 
of cell clusters. How the activities of RhoGTPases Rac and RhoA are coordinated during 
collective migration is not known. Here, we used Drosophila border cells to study collective 
migration. We demonstrated that the small Rho GTPase Rac activity and localisation depend 
on the activation status of the ROCK/NMII module. Moreover, we showed that Rac activity 
localisation impacts on cluster migratory behaviour and is able to regulate NMII activity at 
the cluster level. Thus, our work provides a better understanding of collective cell migration 








The antagonism between the Rho family small GTPases, Rac and RhoA, is essential to ensure 
the polarisation of migrating cells. In many cell types, a balance of traction and retraction 
forces is required for efficient cell migration. Moreover, this mechanism is required to restrict 
the protrusion formation at the leading edge. However, during collective cell migration, how 
the protrusions are restricted to one region of a group of cells is unknown. During Drosophila 
oogenesis, a group of six to eight cells, called border cells, migrate from the anterior pole of 
the egg chamber to reach the oocyte. During stage 9, these clusters migrate according to two 
phases of migration. From the anterior pole of the egg chamber to the half-way mark of the 
migration distance (early phase), border cell clusters move linearly. In this phase, cells keep 
the same position inside the group, with one cell forming a protrusion at the front of the 
cluster and leading the migration. During the second phase, from the half-way mark to oocyte, 
rotation events occur, and any cells within the cluster can drive the migration. Previously, we 
demonstrated that rotational border cell behaviour is dependent on the NMII. During border 
cell migration, NMII is positively and negatively regulated by guidance receptors, PVR and 
EGFR respectively. Here, we show that the linear movement, observed in the early phase of 
border cell migration, is dependent on the activity and the polarisation of the small GTPase 
Rac. Therefore activities of small GTPases Rac1 and RhoA (which leads to the activation of 








Cell migration process is mediated and regulated by the actin cytoskeleton and its contraction 
(Lauffenburger and Horwitz 1996, Pollard and Borisy 2003). Indeed, actin assembly and 
network organisation of actin filaments are critical for the formation of protrusions such as 
lamellipodia and filopodia (Bailly and Condeelis 2002). Moreover, the contraction of the actin 
cytoskeleton mediated by the NMII is also essential to provide cell locomotion (Ridley, 
Schwartz et al. 2003). Twenty-four years ago, Ridley et al. discovered that the specific Rho 
family of small GTPases regulates remodelling of the actin cytoskeleton (Ridley and Hall 
1992, Ridley and Hall 1992, Ridley, Paterson et al. 1992, Nobes and Hall 1995). Functions of 
small Rho GTPases in the integration of many actin cytoskeleton regulated pathways have 
been highlighted. Among small Rho GTPase family members, only Rac, RhoA and Cdc42 
activities have been well characterised and their role during cell migration have been widely 
studied. Rac and Cdc42 regulate the polymerisation of actin filaments at the leading edge of 
cell in order to promote membrane extensions, lamellipodia and filopodia, respectively. 
RhoA, favours the assembly of acto-myosin stress filaments and their contraction to induce 
retraction, through the stimulation of NMII by its effector Rho associated kinase (ROCK) 
(Hall 1998, Raftopoulou and Hall 2004). In single cell migration, Rac and RhoA act 
antagonistically. Their activities are polarised whereby Rac plays a major function at the 
leading edge while RhoA is active at the back (Meili and Firtel 2003, Xu, Wang et al. 2003, 
Burridge and Wennerberg 2004). Mutual antagonism between RhoA and Rac can be regulated 
by many proteins. The inhibition of RhoA signalling by Rac activity, occurring at the leading 
edge is the most characterised. Rac can induce RhoA inhibition through the activation of Rho 
GAP (e.g. p190RhoGAP), or the inhibition of Rho GEF (e.g. NET1) (Alberts, Qin et al. 
2005). The downstream effector of Rac, the kinase PAK, may also prevent NMII activity, by 
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phosphorylating and inhibiting the kinase MLCK (Sanders, Matsumura et al. 1999). On the 
contrary, RhoA/ROCK activation inhibits Rac and prevents the protrusive activity, but the 
controlling mechanism has not been elucidated. In some human cultured cells, ROCK is able 
to activate the Rac GAP activity of FilGAP (Ohta, Hartwig et al. 2006). However, in 
collective cell migration, the antagonism between Rac and RhoA is not known. To study 
collective cell migration, we use Drosophila border cells (Montell, Yoon et al. 2012). These 
groups of six to ten cells migrate between nurse cells to reach the oocyte. The directionality of 
border cell migration is defined by the polarised activity of guidance receptors, the epidermal 
growth factor receptor (EGFR), the platelet-derived growth factor (PDGF) and vascular 
endothelial growth factor (VEGF)-receptor related (PVR) (Duchek and Rorth 2001, Duchek, 
Somogyi et al. 2001, McDonald, Pinheiro et al. 2003, McDonald, Pinheiro et al. 2006). Early 
phase (first half migration distance) of border cell migration is controlled by PVR activity. 
PVR may activate Rac in the leading cell, and inhibit NMII activity in order to promote linear 
movement (Duchek, Somogyi et al. 2001, Bianco, Poukkula et al. 2007). A previous study 
showed that the polarised protrusive activity is mainly controlled by the activity and the 
polarisation of Rac (Murphy and Montell 1996, Wang, He et al. 2010). During the linear 
movement, leader cells emit stable protrusions in the migration direction. Afterwards, in the 
late phase (or second half of the migratory distance), EGFR activity promotes ROCK/NMII 
signalling pathway, leading to a rotational movement of border cells. During the rotation, 
border cell clusters protrude in any direction (Duchek and Rorth 2001, Poukkula, Cliffe et al. 
2011, Combedazou, Choesmel-Cadamuro et al. 2016). These data suggest that both pathways, 
Rac and RhoA/ROCK/NMII, are inversely regulated during linear and rotational behaviours. 
Recently, we identified the RhoA/ROCK/NMII as a key regulator of the switch between 
linear to rotational movements (Combedazou, Choesmel-Cadamuro et al. 2016). Therefore we 
RESULTS–	Chapter	II Page	142	
 
showed that the Rac signalling pathway is antagonistically regulated to ROCK/NMII 
signalling in the control of border cell migration behaviours. 
 
II.4. Materials and methods 
 
II.4.1. Fly genetics 
slbo-Gal4 drives UAS transgene expression. Other stocks used were: UAS-Rac FRET; UAS-
PA Rac Q61L; UAS-PA Rac T17N; UAS-ROCKcat; UAS- ROCK-RNAi (BL 28797) (from 
Bloomington), Sqh-GFP (MRLC-GFP, from Eric F. Wieschaus, Department of Molecular 
Biology, Princeton University, USA). All stocks were maintained at room temperature. 
Before dissection, flies were flattened at 30°C overnight with dry yeast.  
 
II.4.2. Border cell imaging 
Drosophila egg chambers were dissected and mounted in Schneider's insect medium 
supplemented with 20% foetal bovine serum (FBS) and 0.10 mg/ml insulin as described 
(Prasad, Jang et al. 2007, Prasad and Montell 2007). Fluorescent images were captured 
USING a Zeiss 710 confocal microscope, with an inverted ×40 oil objective [PLAN APO 
40XO, numerical aperture 1.3, Zeiss] and processed with Image J. Time-lapse imaging was 






II.4.3. PA-Rac experiments 
To photoactivate, the 458 nm laser was set to 10% power for 0.1 ms per pixel in a 7μm spot 
and the photoactivation scan took approximatively 25s. After 30s, border cells were imaged. 
This series of steps was repeated for the duration of the time-lapse experiment. Z- by 1.5 μm 
were obtained before and after photoactivation. 
 
II.4.4. FRET analysis 
FRET images of live cultured egg chambers were acquired with Zeiss LSM710 microscope. 
A 458 nm laser was used to excite the sample. CFP and YFP emission signals were collected 
through channel I (470–510 nm) and channel II (525–600 nm) respectively. To capture single, 
high-resolution, stationary images, an inverted 40X/1.3 oil objective was used. CFP and YFP 
images were acquired simultaneously for all experiments. CFP and YFP images were first 
processed by ImageJ software. A background region of interest was subtracted from the 
original image. Gaussian smooth filter was then applied to both channels. The YFP image was 
set to threshold and converted to a binary mask with background set to zero. The final ratio 
and FRET image analysis were processed by using the ImageJ program. The cluster was then 
divided into 8 sectors, each of which occupies a 45-degree central angle. The final ratio of 
each section was plotted. 
 
II.4.5. Mathematical analysis of rotational and linear behaviour 
II.4.5.1. Manual tracking 




II.4.5.2. Measurement of rotation speed 
The 2D trajectories of individual cells are corrected to the cluster centre.We measured the 
angle between the positions of an individual border at two different time points and the cluster 
centre. Rotation speed was calculated using the following equation: 
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where xn and yn are nuclei position in x and y at the time n, xn−1 and yn−1 are nuclei 
position in x and y at the time n−1, and t is the time. This calculation is made for any time 
point of a movie and the final result represents the mean of the rotation speeds. 
 
II.4.5.3. Measurement of linearity index 
The linearity index was calculated as the average of the cumulative migrated distance of the 
cluster centre divided by the cumulative distances migrated by each nucleus. 
 
II.4.6. Quantification of Myosin II intensity 
NMII–GFP intensity levels at the 2D and 3D cluster cortex region were quantified by Image J 
software. Cytoplasmic signals were excluded for the analysis. 
 
II.4.7. Statistical analysis 






In order to determine the antagonism between NMII and Rac signalling pathways, we 
assessed Rac activity, using a Rac FRET biosensor probe, in border cell clusters in which 
NMII activity was modulated (Wang, He et al. 2010) (Figure 31A). We measured the global 
activity of Rac in border cells using the linear movement as the migration mode in which 
NMII activity was decreased (WT early phase, ROCK RNAi) and then compared cells 
migrating linerarly to those using rotation along with increased NMII activity (WT late phase, 
ROCK CA). The inhibition of NMII does not affect the Rac activity in border cell clusters 
(Figure 31A, B). In late phase, Rac activity is decreased compared to WT border cells in the 
early phase (Figure 31A, B). This can be explained by the increase of NMII activity in the late 
phase. Additionally, the activation of NMII induced by the overexpression of ROCK CA 
leads to a decrease of Rac activity (Figure 31A, B). Altogether, these results indicate that 
ROCK and NMII activities can antagonise Rac activity. Moreover, we also analysed the 
localisation of Rac activity during linear and rotational modes of migration. When the linear 
movement is predominant, in the early phase, Rac activity is mainly localised in the front of 
the cluster (Figure 31A, C). Similar findings were obtained following inhibition of NMII 
activity (ROCK RNAi and ROCK inhibitor) (Figure 31A, C). In contrast, border cells using 
rotation to migrate demonstrate active Rac present throughout the clusters (WT late phase, 
ROCK CA and Ionomycin) (Figure 31A, D). These data indicate that persistence of Rac 
activity at the front of the cluster is critical for linear movement. Moreover, the increase of 
NMII activity, essential for the switch between linear and rotational behaviours, antagonises 





Figure 31: The switch from linear to rotational movement induces loss of active Rac 
polarity. 
A. Representative FRET pattern in border cells WT, expressing ROCK RNAi, or ROCK CA. 
Scale bars, 10 μm. B. Relative FRET quantification in border cell clusters of the indicated 
phenotypes (n≥30). C and D. Distributions of average FRET ratio in the indicated 
phenotypes, plotted as a function of the sector number, where sectors 4 and 5 represent the 
front of the migration (n≥30).  
 
We demonstrated that ROCK and NMII activities induce collective rotational behaviour 
(Combedazou, Choesmel-Cadamuro et al. 2016) and inhibit the polarisation of Rac (Figure 
31). In order to determine the role of Rac, and thus membrane protrusions in the control of 











for spatio-temporal control of Rac; activation using PA-RacQ61L or inhibition using PA-
RacT17N. First, we decided to disrupt the front protrusions by photoactivating Rac at the rear 
of the cluster (Figure 32A). In this context we hypothesized that the activity of Rac would be 
homogenous in the cluster, and all cells will be able to extend protrusion. Prior to 
phototreatment, border cell clusters migrate in a linear fashion, characterised by a high 
linearity index and a low rotation speed (Figure 32A, B and C). Photoactivation of Rac at the 
rear leads to a retraction of the front protrusion with a significant decrease of the linearity 
index and increase of the rotation (Figure 32A, B and C). Thus the loss of Rac polarity 
induces a switch from linear to rotational behaviour. On the contrary, we induced the 
formation of front protrusions by inhibiting Rac at the rear of clusters without polarity (Figure 
32A). Prior to treatment border cells were rotating (low linearity index and high rotation 
speed) (Figure 32A, B and C). Following phototreatment border cell clusters formed 
protrusions at the front and switched to a linear movement (high linearity index and low 
rotation speed) (Figure 32A, B and C). These observations strongly suggest that Rac and 
protrusion polarity are critical to ensure the switch from linear to rotational movement.  
 
Figure 32: Polarisation of Rac activity is responsible for linear movement. 
RESULTS–	Chapter	II Page	148	
 
A. Confocal images of the response of border cells to photoactivation of PA-RacQ61L (top 
images) or of PA-RacT17N (bottom images). The orange circles indicate the photoactivated 
regions. The white arrows indicate the direction of migration. Scale bars, 10 μm. B. Linearity 
indexquantifications according to the phototreatment in the indicated phenotypes (n≥12). 
***P<0.0001 (t-test). Error bars show s.e.m. C. Rotation speed quantifications according to 
the phototreatment in the indicated phenotypes (n≥12). ***P<0.0001 (t-test). Error bars 
show s.e.m.  
 
Finally, we observed that a switch from linear to rotational movements induced by the 
photoactivation of Rac at the rear of the clusters was consistent with an increase of NMII 
accumulation (Figure 33A and B). We used NMII fused to GFP probe to monitor NMII 
activity (Royou, Sullivan et al. 2002, Combedazou, Choesmel-Cadamuro et al. 2016). In wild-
type border cell clusters, rotational movement is induced by the activation of ROCK/NMII 
signalling. Here, the local activation of Rac at the lagging edge is sufficient to increase NMII 
level. On the contrary, we decided to locally inhibit Rac activity at the rear of the cluster in 
order to favour front polarisation of Rac and protrusions. This treatment permitted the switch 
from rotational to linear movement of border cells (see figure 32). In control cells, this switch 
correlates with a decrease of ROCK/NMII signalling within the cluster (Figure 33A and B). 
Taken together, these results demonstrated antagonism between Rac and NMII signalling. The 




Figure 33: Rac activity negatively controls NMII activity. 
Confocal images of the response of border cells expressing NMII-GFP to photoactivation of 
PA-RacQ61L (top images) or of PA-RacT17N (bottom images). The orange circles indicate 
the photoactivated regions. The white arrows indicate the direction of migration. Scale bars, 
10 μm. B. Quantification of NMII-GFP intensity according to the phototreatment in the 




We demonstrated that the balance between Rac and NMII signalling pathways is a key 
regulator of border cell collective movement. Our data reveal that this antagonism is essential 
to ensure the switch between linear and rotational migration. Our results show that linear 
movement required polarisation of Rac and cellular protrusions. Moreover, the NMII activity, 
necessary for this switch, can antagonise Rac polarity at the cluster level. The photoactivation 
of Rac at the rear of a cluster induced a switch from linear to rotational movement, 
consistently with an increase of NMII activity. In contrast, the switch from rotational to linear 
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movement after the photoinhibition of Rac at the rear is consistent with a decrease of NMII 
accumulation. Together our data indicate that during border cell collective movements the 
balance between ROCK-NMII and Rac activity regulates the formation of protrusions in order 
to control the choice of behaviours. ROCK/NMII signalling is mainly controlled by the small 
GTPase RhoA. In border cells, RhoA induced NMII accumulation at the cell cortex. It was 
shown that the activation of RhoA activity in border cells does not affect migration behaviour 
(linear vs rotation) (Combedazou, Choesmel-Cadamuro et al. 2016). Nevertheless, we cannot 
exclude the role of RhoA in this cellular process. Indeed, since RhoA is essential in many 
cellular processes, mild modulation of its activity prevents the complete inhibition of 
migration (Murphy and Montell 1996, Bastock and Strutt 2007). The monitoring of RhoA 
activity by a FRET probe could corroborate the antagonism between RhoA and Rac1 
signalling and its implication in controlling the switch of the type border cell movement. Our 
hypothesis is that RhoA activity increases when border cells use the rotational movement. 
Such antagonistic behaviour could be confirmed by monitoring Rac or NMII activities in WT 
and constitutively active RhoA expression mosaic clusters. 
RhoA and Rac activity balance are regulated by Rho small GTPases effectors (GAPs, GEFs) 
(Ohta, Hartwig et al. 2006, Levay, Bartos et al. 2013, Nakahara, Tsutsumi et al. 2015). The 
RhoGAP p190 (conserved in Drosophila) is one of the best known regulators of this 
antagonism. An RNAi screen of GAPs and GEFs of Rho small GTPases could identify the 
proteins regulating the balance between Rac and RhoA signalling, and thus the switch 
between linear and rotational collective movement. Likewise some downstream effectors of 
Rac which negatively regulate ROCK signalling could be analysed. 
Finally, we could hypothesise that cell tension regulate Rho GTPases activity during 
collective cell migration. In single cell migration, the decrease of cell contractility, through 
the inhibition of ROCK/NMII promotes the formation of protrusions mediated by Rac 
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(Katsumi, Milanini et al. 2002). Thus, in our model strong RhoA activity in follower cells 
may restrict the protrusive activity in the leader cells. 
 
To conclude, we highlighted the necessary balance between Rac and RhoA/ROCK/NMII 
signalling for cell adaptation. Futures studies will be required to identify the molecular 
mechanism regulating this antagonism. 
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Chapter III: Role of the Jun N-terminal kinase in the 




The role of the Jun N-terminal kinase (JNK) has been poorly studied during collective border 
cell migration. In 2008, its function during cluster cohesion was described (Llense and 
Martin-Blanco 2008). Border cells lacking JNK tend to dissociate from the clusters at the end 
of the stage 9 of oogenesis. Moreover, downregulation of JNK kinase promotes the extension 
of very long protrusions compared to control border cells. However, the inhibition of JNK in 
border cells does not strongly impair their migration. The loss of cluster cohesion may be 
caused by the reduced expression of some apical polarity proteins, such as PAR3, as well as 
adhesion molecules, like E-cadherin, and Paxillin (Llense and Martin-Blanco 2008). Little is 
known about the regulation and the signalling of JNK in border cells. One identified negative 
regulator is HNT, which also controls cluster cohesion. Accordingly, downregulation of HNT 
in border cells leads to an increase of adhesion molecules. Clusters are very cohesive, with a 
compact shape. The overexpression of HNT in border cells also induces the dissociation of 
clusters, as the inhibition of JNK. Nevertheless, HNT overexpression significantly inhibits 
border cell migration. This may be explained via an acticity on other targets including 
transcription factors largely involved in border cell migration, such as STAT and Slbo 
(Melani, Simpson et al. 2008). As JNK signalling was identified as an  important modulator 
of cluster cohesion as well as in both Drosophila border cells and mammalian epithelial cells, 
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whether it plays a role in in cell-cell communication has been questioned (Melani, Simpson et 
al. 2008). Indeed, JNK is required for cell-cell interactions, however the mechanism 
underlying its involvement in ceel cell communication is not known (Wang, He et al. 2010). 
One model would involve Cdc42 in the regulation of JNK, which is known to be involved in 
cell-cell communication during border cell migration (Colombié N., et al, 2016, under 
review). 
Due to its implication in intercellular communication during collective movements, we have 





The inhibition of JNK, via the activation of its phosphatase Puc2a, in border cells drives 
clusters to only migrate linearly. Indeed, it blocks the switch from linear to rotational 
behaviour that normally occurs in wild-type border cell clusters. In this context, the linearity 
index is comparable to that of wild-type border cells in the early phase all along the migration 





Figure 34: The inhibition of JNK blocks the rotation of border cell clusters. 
A.Linearity index quantifications (WT, n=11; Puc2a, n=10). (D) Rotation speed 
quantifications (WT, n=11; Puc2a, n=10). Results are mean±s.e.m. n.s means not 
significant;***P<0.0001 (t-test). 
Previously, we identified that NMII activity was necessary to induce the change from linear to 
rotational behaviour. Therefore, we aimed to determine whether the inhibition of rotation 
mediated by the inhibition of JNK was also dependent of NMII activity. Using NMII-GFP 
(see Materials and methods and Supplementary Figure 2A, Chapter I – RESULTS), we 
observed that inhibition of JNK reduced the accumulation of NMII at the cortex (Figure 35A 
and B). The level of NMII signals does not increase at the periphery of the cluster in the late 
phase when JNK is inhibited, as opposed to wild-type clusters. These observations therefore 
led us to conclude that rotation occurrence required JNK signalling, which may control the 




Figure 35: The inhibition of JNK decreases the accumulation of NMII at the cell cortex. 
A.Confocal images showing NMII–GFP in WT and Puc2a backgrounds. Scale bar, 10 μm. B. 
Quantification of NMII–GFP intensity in WT and Puc2a contexts (n≥38). Intensity values are 
normalised to the early WT value. 
Next we sought to determine whether the antagonism between ROCK/NMII and Rac 
signalling pathways was maintained when the migratory switch does not occur. We monitored 
Rac activity in border cells lacking JNK signalling (see Materials and methods, Chapter II – 
RESULTS). The localisation of active Rac was compared in wild-type cells and those 
overexpressing Puc2a, in both early and late phases. In early phase, active Rac is localised 
mainly at the front of the cluster in both backgrounds (Figure 36A and B). In late phase, when 
rotation appears in wild-type cells, active Rac is not polarised at the front, but it could be 
anywhere. However, in border cells expressing Puc2a, active Rac remained polarised at the 
front of the cluster (Figure 36A and B). We also tested the stability of the localisation of Rac 
activity. While Rac activity could be anywhere during the rotation, the inhibition of JNK 
leads to a stable active Rac localised in the leading cells (Figure 36C and D). Thus, the 
regulation of JNK signalling may be required to regulate NMII activity and to allow the 




Figure 36: inhibition of JNK promotes the stability of a polarised Rac activity. 
A.Representative FRET patterns in border cells WT (wild-type), or overexpressing Puc2a. 
Scale bars, 10 μm. B. Distributions of average FRET ratio in the indicated phenotypes in 
early (left) and late (right) phases, plotted as a function of the sector number, where sections 
4 and 5 represent the front of migration (n≥30). C.Representative FRET pattern in border 
cells overexpressing Puc2a at 1h interval. Scale bar, 10µm. D. Distributions of average 
FRET ratio in border cells overexpressing Puc2a at 1h interval, plotted as a function of the 








Here we demonstrated that JNK signally may be required for maintaining the switch from 
linear to rotational movements, and thus for efficient migration. The activity of JNK may 
regulate NMII activity and its localisation. In contrast, this signalling pathway could have an 
opposite role on Rac localisation. Indeed, the inhibition of JNK maintains a stable polarisation 
of Rac activity at the leading region.  
Future experiments must be aimed to discover the molecular mechanism by which the 
inhibition of JNK regulates NMII. For example experimental design using activation of JNK 
signalling by using border cells overexpressing a constitutive active form of the  Jun N-
terminal kinase kinase (JNKK), Hemipterous (Hep), will clarify the role of JNK in NMII 
regulation. Indeed, we still need to establish whether JNK activation induces NMII activity 
and thus rotation. From our preliminary observations, the expression of HepCA appears to 
favor rotational behaviour, but additional experiments are required to verify these 
observations. 
The link between JNK and NMII signalling pathways has been studied during dorsal closure 
in Drosophila. Indeed, in this process, JNK activity is necessary for the migration of epithelial 
cells, and it mediates NMII activation through Dpp signalling (Glise, Bourbon et al. 1995, 
Stronach and Perrimon 2002). Moreover, we identified that activation of NMII is mediated by 
EGFR in the late phase of migration (Chapter I – RESULTS). As many receptors tyrosine 
kinase (RTK), EGFR signalling may act through MAP kinases signalling cascades, and thus 
lead to JNK activation. Therefore, one can hypothesise that EGFR is activating NMII through 
the JNK. During Drosophila renal tubule morphogenesis, EGF signalling is responsible for 
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the organised NMII dynamics, through JNK activity, allowing cell intercalation, elongation 
for a correct tubule function (Saxena A 2014). 
Moreover, by activating on NMII, JNK could antagonize the polarisation of Rac activity. 
Indeed, as mentioned in the chapter II of the results, a negative regulation between Rac and 
RhoA/ROCK/NMII Pathways may be required for the control of border cell migration.  
Consequently, the role of JNK in the molecular mechanism controlling the rotational 
movement of border cells goes through the activation of NMII either via EGFR/RhoA/ROCK 










In 2007, live imaging analysis of border cell migration allowed discovering that within the 
cluster border cells may change their relative position and adopt different migratory behaviour 
(Bianco, Poukkula et al. 2007, Prasad and Montell 2007). Although, live imaging of border 
cells has allowed huge progress in the understanding collective cell migration, a precise 
analysis of border cell movement is still a strong challenge to discriminate and characterised 
this migration. Some modelling of border cell migration have been made, but none allow the 
analysis of movement changes (Stonko, Manning et al. 2015, Cai, Dai et al. 2016). Only 
simple analysis of the rotation has been made by Rorth’s lab. They measured the tumbling 
index, a ratio between the cluster centre and single nucleus trajectories. If a cluster rotates, 
border cell trajectories diverge from cluster centre trajectory (Poukkula, Cliffe et al. 2011). 
Here, I will present our basic analysis method, based on Rorth’s lab analysis (Combedazou, 










IV.2.1. Two dimensional analysis method 
 
First, we manually track each single border cells as well as the cluster centre (Figure 37A). 
Generally, time lapse movies last three hours. Rotational events may happen in all direction 
and in three-dimensions (3D). However due to our images resolution, tracking was only 
performed in two dimensions (2D) (z projection). 
Migrated distances of border cells and clusters centre were measured, that allow us to 
calculate the linearity index. The linearity index is the average of the cumulative migrated 
distance of the cluster centre divided by the cumulative distances migrated by each nucleus 
(Figure 37B and C). When border cells migrate in a linear fashion, maintaining their relative 
position, border cells and cluster centre trajectories are almost parallel. Thus, the linearity 
calculated is close to one. During rotational movement, border cells change their relative 
position. Their trajectories are not anymore parallel to centre trajectory. Thus, rotation may be 
characterised by a decrease of the rotational index. This was confirmed in wild-type border 
cell migration, in which both movements, linear and rotational, have been observed. While 
linear movement predominates the early phase of migration (first half of the migration 
distance), the occurrence of rotation appears mainly in the late phase (second half of the 
migration distance) (Poukkula, Cliffe et al. 2011). Accordingly, a decrease of the linearity 
index is observed in late migration phase of wild-types border cell clusters, thus during 
rotation (Figure 37D). 
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The second parameter to quantify the rotation is the rotational speed. Basically, we measured 
the angle between the positions of an individual border at two different time points and the 
cluster centre. The 2D trajectories of individual cells are corrected to the cluster centre. 
Logically, the increase of rotation speed matches with the rotation events emergence (Figure 
37E).  
 
Figure 37: Simple discrimination between linear and rotational behaviour. 
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A. 3D reconstruction of time-lapse confocal images of wild-type border cells expressing NLS-
dsred. The positions of two nuclei were tracked manually (orange and blue lines). Scale bar, 
10 µm. B and C. Schematic representation of linearity index calculation. D. Linearity index 
quantification in wild-type border cell clusters at early and late phases of migration. E. 
Rotation speed quantification in wild-type border cell clusters in the early and late phases of 
migration (n≥40 border cells from 10 filmed clusters). *** P<0.0001 (Student's t-test). Error 
bars show s.e.m. 
These two parameters allowed for significant discrimination between both types of border cell 
movements. However, border cell migration happens in 3D. With this method, only two-
dimensional informations are conserved. Moreover, a more precise quantification would be 
helpful to understand better the mechanisms inducing this movement. 
 
IV.2.2. Three dimensional analysis of rotation (developed in 
collaboration with Guillaume Gay) 
 
IV.2.2.1. Three dimensional tracking 
 
The automatic tracking of 3D collective movements would allow analysis of a wide range of 
border cell migrating clusters. As below, we used live imaging of border cell clusters 
expressing mCD8-GFP (to label border cell membrane) and NLS-dsRed (to visualise nuclei). 
For this method, time lapse images of border cell migration were acquired with a 710 Zeiss 
confocal microscope. A stack of 30 to 40 µm (z interval 1.5 µm) was acquired every three 
minutes for three hours. These conditions are not toxic for egg chambers. The automatic 
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tracking is based on the segmentation of nuclei. For each cluster, the trajectories of single 
border cells and of the cluster centre were recorded. However, the resolution for an automatic 
tracking should be largely improved. Reducing time and z intervals may allow for the 
aquisition of more information. As such we attempted to make acquisitions every minute, or 
to reduce z intervals. However, these conditions are toxic, and border cell clusters stop their 
migration. To avoid these issues, a manual tracking may be performed with MtrackJ plug-in 
from ImageJ. However, the z information was not sufficient for good 3D tracking. 
The use of new microscopic methods (e.g. spinning disk microscopy) will allow acquisition of 
more resolved time lapse images in which trajectories of border cells could be automatically 
track. The establishment of powerful tracking software would be a vast improvement in the 
study of all collective movements in 3D. It would allowfor the detection in the adaptation of 
the types of migration depending of the environment. 
 
IV.2.2.2. Detection of the rotational movements 
 
Once 3D tracking of each border cells and clusters is obtained, they are plotted (Figure 38A, 
B). This visualisation is good for linear movement, but not for rotational movement. For a 
better visualisation of rotation events, the 3D trajectory of each individual cell was corrected 
relative to the cluster centre trajectory (Figure 38D).  
Ellipses are fitted on plotted relative border cell trajectories according to four criteria (see 
Method and Figure 40). Quite simply, if an ellipse is fitted, a rotational event is detected. For 
a better view, we divided the trajectories according to the early or late phases. A trajectory of 
a wild-type border cell according to the migration phase is shown Figure 35D. These results 
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allow for the determination of a rotation index (Figure 38E). For each time point, the 
percentage of rotating border cells is measured.  
 
Figure 38: Rotation analysis of wild-type border cell cluster. 
A.Confocal images of a representative wild-type border cell cluster expressing NLS-dsRed 
from a time-lapse movie. One nucleus has been marked by a red spot to follow its position 
within border cell cluster. Scale bar, 10 μm. B. The graph shows the 3D absolute positions of 
five different nuclei (blue, purple, orange, red and green) and cluster centre (black) from a 
representative wild-type border cell cluster.C.The graph shows the 3D positions of border 
cell nuclei relative to cluster centre. Ellipse trajectories are fitted for each nucleus when 
rotations are detected (see Methods and Figure 37). C. The 3D graphs represent the relative 
trajectory of one border cell (grey line) to the cluster centre during the first 54 minutes, early 





Different time points are represented by hsv colour range, from purple (earliest time point) to 
red (latest time point). The position of the cluster centre is marked by a black +. No ellipse 
fitted indicates no rotation (top panel); some ellipses are fitted, meaning there are several 
rotations, which happen along different plane and axis at different time periods (bottom 
panel). E. Number of rotation events from a representative wild-type movie (see Methods 
Figure 40). 
 
In wild-type a mixture of both, linear and rotational movements, is observed. Therefore, it is 
difficult to easily discriminate between the two modes of motility. In graphs representing 
absolute positions of border cells from one cluster, we observed that at the beginning of the 
migration, trajectories of border cells and cluster centre are similar. Moreover, several ellipses 
can be fitted on relative trajectories, suggesting the occurrence of rotational movements. 
However, the rotational index never allows discriminating two movements. We know that 
rotation happens mainly in the late migration phase. However, to obtain an average of the 
rotation index, we must normalize our data. Instead of measured the rotation index compared 
to time, we should measure it in function of the percentage of migrated distance at each time 
point. 
 
IV.2.2.3. Detection of the rotational movements: examples 
 
To simplify the establishment of such analysis we decided to use two border cells with 




The inhibition of the Jun N-terminal kinase (JNK), mediated by the overexpression of its 
phosphatase Puc2a in border cells, leads to a linear movement (Figure 39). No ellipse can be 
fitted, leading to a weak rotation index (Figure 39A and C). Moreover, this result is also 
confirmed by calculating the linearity index and rotation speed. Given that linear movement is 
predominant in the early phase, and rotation occurs mainly in the late phase, the linearity 
index and rotation speed of clusters expressing puc2a were comparable to that of wild-type 
early phase  
In contrast, the inhibition of both guidance receptors in border cells induces a continuous 
rotational behaviour. Many ellipses can be fitted on relative trajectories, and the rotation index 
is high (Figure 39B and D). In accordance, with our previous analysis, we observed that 
linearity index and rotation speed of clusters expressing dominant negative forms of EGFR 
and PVR were comparable to that of wild-type late phase. 
 
Figure 39: Test of the rotation analysis. 
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A and B. The graphs represent the 3D trajectory of one border cell (grey line) relative to the 
cluster centre, in border cells overexpressing Puc2a (UAS-puc2a) or dominant negative forms 
of guidance receptors (UAS-PVRDN;UAS-EGFRDN).In each figure, the graph in top left panel 
represents the 2D trajectory from the x and y axis, the graph in top right panel represents the 
2D trajectory from the y and z axis, the graph in bottom left panel represents the 2D 
trajectory from the x and z axis, and the graph in bottom right panel represents the 3D 
trajectory of one cell (grey line) relative to the cluster centre. Different time points are 
represented by hsv colour range, from purple (earliest time point) to red (latest time point). 
The position of the cluster centre is marked by black +. C and D. Rotation indexes in border 





In a first time, as border cell migrate in a 3D environment, we need to be able to track their 
movements in 3D. 3D tracking can be improved by using new imaging methods. Recent 
progresses in live imaging microscopy allow to quickly acquiring high-resolution images. For 
example, Lattice light-sheet fluorescence microscopy would be envisaged to limit photo-
toxicity (Chen, Legant et al. 2014). Moreover, thanks to this kind of technique, we will able to 
study rotational events regarding cytoskeleton dynamics, proteins localisation… Later, the 
automatisation of such tracking will allow us to obtain enough tracking information useful to 
develop an automatic analysis method. 
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The method for the detection of the rotation has to be improved in order to discriminate 
precisely both migration types. The first enhancement is to calculate on average rotation index 
from many samples for each phenotype. Tracking of trajectories could be done in function of 
the cluster position in the egg chamber. This is crucial for wild-type cluster, in which a 
mixture of behaviours is observed. Indeed, all of our movies, the migration of border cell 
clusters does not start from the same position in the egg chamber. Then, it will be necessary to 
analyse a wide range of samples, in order to determine specific parameters of both 
movements. It will allow in the future setting up an automatic analysis of collective 
behaviours.  
Several lab starts to develop new models integrating the role of forces, tensions, 
environment… (Stonko, Manning et al. 2015, Cai, Dai et al. 2016). We could imagine that 
combine to our rotational analysis, it will be helpful to understand mechanisms leading to a 
change of migration behaviour. Furthermore, this method to analyse different collective 
behaviours would be used in other models. In the future, it would help to understand why and 
how collective cancer cells modify their movement to adapt to different environments.  
 
IV.4. Methods (developed by Guillaume Gay) 
 
IV.4.1. Nuclei segmentation method 
 
For each time point on a 3D+t data set, nuclei were detected with the following algorithm: For 
each 2D plane of the Z stack, a local contrast enhancement was followed by a thresholding 
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process which is dependent on the data set. The threshold was set manually or computed with 
the Otsu thresholding method. Each region of the thresholded image was labelled, and 
registered as a nucleus if its typical radius is comprised between two and six μm. Detected 
nuclei on every plane were clustered with the nearest neighbour algorithm (without prior 
knowledge on the number of cluster centre). The position and size of the nuclei were 
registered as the average position and size of the cluster. Individual trajectories were 
reconstructed using the Linear Assignment Problem algorithm described previously 
(Jaqaman, Loerke et al. 2008). After automatic tracking of individual nuclei, a manual 
correction step was proceeded to adjust the unprecise or mistaken positions. 
 
IV.4.2. Rotation detection (described in Figure 37) 
 
In order to detect the rotating section of a single nucleus trajectory, the following steps were 
performed. The successive positions of nuclei were corrected from the 3D position of the 
cluster centre, computed as the average position of all the nuclei in the cluster (Figure 40B 
left). Successive sections of the trajectory were extracted by a ‘sliding window’ of length Δt 
with Δt = (24, 36, …, 66 min) (Figure 40A). For each trajectory section, firstly a principal 
component analysis (PCA) was performed on the 3D data in order to obtain the two vectors 
giving the principal plane of the section. Then we performed a least square fit of an ellipsis in 
this plane (Figure 40B right). To get rid of false positive results, the ellipse fitting has been 
manually correct. According to the fit characteristics as depicted in Figure 40D, the time 
points of the section were labelled as exhibiting a rotation or not. The rotation index 
corresponds to the average of this label over all detected nuclei at a given time point. Note 
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that if a rotation is detected for multiple values of Δt, it is only labelled once. All the above 
analysis was run by using the developed code in python [see the scientific python stack 
(http://scipy.org)].Specifically, image analysis was performed with the skimage library 
(http://scikits-image.org). All the code was released under the Gnu General Public License 
and is available on request (see http://damcb.com). 
 
Figure 40: Detection of rotations in the 3D trajectory of a border cell relative to the cluster 
centre. 
A. The detection is performed over a sliding window of variable time length߂ݐ. B. For each 
time window, the corresponding positions with respect to cluster centre are considered. The 
3D position is projected on the principal plane obtained from principal component analysis. 
In this plane, a least square fit of an ellipsis is performed. C. The data obtained from the fit is 
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used to determine if a rotation has been detected. D. The decision on whether a rotation has 
been found for this trajectory segment is based on four criteria: the ellipticity (i.e. ratio of the 
big to small axes lengths) must be comprised between one and three, the log of 1/߯ଶ (i.e. the 
sum of the square residuals of the fit for each position, ߝ௜), evaluating the goodness of fit, 
must be higher than -3; the total angular aperture must be comprised between ߨ/4 and 2ߨ 
















DISCUSSION– Chapter I Page	175	
 
  
DISCUSSION– Chapter I Page	176	
 
Chapter I: Introduction 
 
My PhD work elucidated several of the controlling mechanism allowing the switch between 
linear and the rotational movement. The non-muscle myosin II (NMII) is the key regulator of 
the rotation; and the upstrream regulators of NMII are the guidance receptors PVR and EGFR. 
In early phase of movement, PVR may negatively regulate NMII, and induce linear border 
cell movement, through its action on the small Rac GTPase. Previous studies identified the 
role of PVR signalling in the activation and the localisation of Rac (Bianco, Poukkula et al. 
2007, Fernandez-Espartero, Ramel et al. 2013). The activation of NMII by EGFR, which 
predominates during the late phase, promotes rotational behaviour (Figure 4E in Chapter I – 
RESULTS). However, major questions remain unexplained, in particular about the function 
of this rotational movement, which appears essential for an efficient border cell migration. 
Indeed, why the rotation occurs mainly in a specific period of border cell migration (late 
phase) must be determined. Future studies on the signalling pathway by which EGFR 
activates NMII should be identified for a better understanding of the rotational movements. 
Indeed, identification of the molecular pathway may demonstrate some conservation in other 
models, and could help to elucidate molecular adaptations incellular migrating behaviours. 
Our preliminary results promote for additional regulation of this mechanism. As the PVR and 
EGFR signalling pathways may control the polarisation of Rac and the activation of the 
NMII, antagonism between the Rho small GTPases, Rac and RhoA (known to control NMII 
activity) could contribute to the adaptation of the collective behaviour. 
The complete understanding of this mechanism will help to understand alterations in 
collective cell behaviours, such as cancer cell invasion. Further, the identification of the 
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complete molecular mechanism will bring some clarifications in the regulation of collective 
cell motility.  
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Chapter II: Role of the microenvironment in the choice of 
the migration behaviour 
 
II.1. Physical constraints might affect the transition between 
the two modes of migration 
 
The main question remaining unclear n our studies was the role of the rotational movement of 
border cells. Migrating cells can move through diverse environments, such as basement 
membranes, interstitial tissues, or in between other cells. Within tissues, cells must overcome 
physical constraints from the environment to move (Friedl and Wolf 2010, Doyle, Petrie et al. 
2013, Wolf, Te Lindert et al. 2013). Moreover, there is an additional challenge for collective 
cell groups that need to remain cohesive throughout migration (Friedl and Gilmour 2009). 
Border cells migrate among other cells, the nurse cells, in a 3D environment. Nurse cells form 
an environment with a complex geometry. Border cell migration is dependent on E-cadherin-
mediated adhesion between the outer membrane of border cells and nurse cells promote 
traction forces and cell movement (Niewiadomska, Godt et al. 1999, Cai, Chen et al. 2014). 
Moreover, border cell clusters migrate in a very confined environment. A recent study 
highlights that NMII is highly dynamic at the cluster periphery to overcome the forces 
induced by the nurse cells (Aranjuez, Burtscher et al. 2016). Indeed, a tight regulation of 
cortical tension in border cells allows them to migrate efficiently toward the oocyte. 
Alterations in NMII activity within the nurse cells can modify the shape of border cell clusters 
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and impair their migration. Aranjuez, et al., demonstrated that activation of NMII activity in 
nurse cells promotes the accumulation of NMII at the cortex of border cell clusters. Therefore, 
the study of the role of the environment forces on border cell behaviour could explain why 
they must rotate to reach the oocyte. Do affecting environmental forces lead to a change of the 
migratory behaviour, either linear or rotational? The apparition of rotation events during 
border cell migration could be a way to overcome physical changes of the environment. 
However, the increase of NMII activity in border cells due to a high confinement leads border 
cell clusters to adopt an elongated shape (Aranjuez, Burtscher et al. 2016). In our case, the 
increase of NMII in border cell inducing the rotational movement leads to rounder cluster 
shape (Chapter I – RESULTS). A comparison of NMII accumulation level, localisation and 
activity in border cells when NMII is activated in border cells or in nurse cells will give more 
information. Therefore, one hypothesis is that the increase of applied forces on border cells 
leads to an upregulation of NMII and induces rotational movement. However, the elongated 
shape of border cell clusters observed after activation of NMII in nurse cells does not seem to 
fit with this hypothesis. A contrary hypothesis would be that confined environments mainly 
inhibit border cell migration, slowing down the migration speed and blocking the switch to 
rotational movement necessary for an efficient migration. If it is true, a gradient of 
environmental tension should be observed, with higher tension at the anterior pole of the egg 
chamber and the lowest point close to the oocyte.  
Border cells migrate toward the oocyte, in the direction of the highest level of growth factors 
(PVF-1, Spitz, Keren). The receptors to these chemoattractants, PVR and EGFR, control 
border cell movements through the regulation of NMII activity. Physical constraints induced 
by the nurse cell may affect the behaviour of border cells, by affecting the chemoattractant 
gradient. Indeed, the geometrical complexity of the environment mayimpair sensing of 
guidance molecules by the border cells. In this context, when border cells approach the 
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oocyte, PVF-1 gradient would not be sensed; and consequently, PVR would be less active, 
while NMII activity would increase through EGFR signalling. 
Moreover, the study of the role of the environment will be helped by the emergence of border 
cell migration modelling. Current modelling strategies, such as those reported in Stonko et al., 
have determined that modulating forces (adhesion, repulsion, migration and stochasticity) 
may favour rotation of border cell clusters. This model takes into account that the rotation 
may be dependent on both molecular mechanisms and intercellular forces. Finally, they 
hypothesize that the rotation of the cluster is due to gaps between nurse cells, which prevent 
local cell-cell adhesion (Stonko, Manning et al. 2015). Therefore, as rotation occurs in the late 
phase, it would signify that tension forces close to the oocyte are weaker than those close to 
the anterior pole of the egg chamber. This proposal is indeed consistent with our hypothesis. 
 
II.2. E-cadherin-mediated adhesionscould play function in 
the appearance of the rotation 
 
According to the hypothesis, a decrease of E-cadherin adhesion between nurse cells and 
border cells could lead border cell clusters to use rotation to migrate (Stonko, Manning et al. 
2015). Does a decrease of E-cadherin in nurse cells affect border cell behaviour? E-cadherin 
adhesions are required at border cell-border cell, and nurse cell-border cell adhesions for a 
correct migration. Adhesion between border and polar cells maintain the cohesiveness of the 
cluster (Cai, Chen et al. 2014). Modulating E-cadherin in nurse cells could affect the type of 
movement used by border cells. Indeed, adhesions between nurse cells and border cells 
promote a polarised Rac activity, as we observed in the linear movement (Chapter II – 
DISCUSSION– Chapter II Page	181	
 
RESULTS), (Cai, Chen et al. 2014). The polarised Rac activity is controlled by guidance 
receptors, which thus controls the protrusion formation at the leading edge (Wang, He et al. 
2010, Cai, Chen et al. 2014). At the leading edge, the protrusive activity leads to an increase 
of tension mediated by adhesions, between nurse and border cells. Finally, this increase 
tension contributes to Rac activation. Indeed, these adhesions are necessary to promote Rac 
activity at the front of the cluster via a positive feedback and through the guidance receptor 
activities. Therefore, a difference in the accumulation of adhesion molecules between border 
cells and their substrates could reduce the polarity of active Rac. A detailed analysis of the 
nurse cell geometry combined with a study of E-cadherin functions in nurse cells will allow 
determining their implication in the rotation events. Moreover, it is likely that not only E-
cadherin mediated adhesions between nurse cells and border cells are important. Indeed, the 
regulation of E-cadherin levels inside border cell clusters is essential to maintain a polarised 
movement (Cai, Chen et al. 2014). A deregulation of E-cadherin level induces a loss of Rac 
activity and loss of directionality. Thus,  tight regulation of E-cadherin in the border cells 
clusters and in their environment is necessary for an efficient migration. Moreover, the role of 
the modulation of E-cadherin level in nurse cells, and/or at the border –border cells 
boundaries should be analysed at the apparition of the rotational movements. 
During border cell migration, several pathways can control E-cadherin distribution, including 
PVR signalling. The inhibition of PVF-1 in the egg chamber, impairs the distribution of E-
cadherin at border-border cell and border-nurse cell junctions (McDonald, Pinheiro et al. 
2003). From these data, we can hypothesise that the loss of PVR activity in the second phase 
may lead to an abnormal DE-cadherin distribution, and ultimately induce a behaviour change. 
Taken together, the role of the nurse cell environment could be a potent regulator of border 
cells behaviours. The detailed study of nurse cell tissue becomes urgent to determine its role 
in the regulation of the migratory behaviour. 
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Chapter III: Identification of the guidance receptors 
signalling pathways 
 
III.1. EGFR and PVR signalling pathways in the control of 
border cell migration 
 
In our published data, we identified that EGFR is able to regulate NMII activity to control the 
change of border cell cluster movements. PVR, which mainly controls the early phase of 
migration, has an opposite effect on NMII activity (Chapter I – RESULTS). However, these 
two receptors exhibit some redundancy, which leads to a complicated understanding of their 
mechanisms (Poukkula, Cliffe et al. 2011). While the activity of EGFR induced rotation 
through NMII activity in the late phase, its basal activity may not lead to a strong NMII 
activity in the early phase. The activities of both receptors are required to maintain the linear 
movement in the early phase, since the inhibition of the two receptors individually lead to an 
increase of the rotational movement. When PVR activity is inhibited in border cells, the 
rotational movement is induced, even at the early phase. In this context, only the activity of 
EGFR leads to an increase of NMII activity, and is therefore responsible for the rotation. The 
inhibition of EGFR activity mildly affects the migration behaviour in the early phase 
(Poukkula, Cliffe et al. 2011). Therefore, in the early phase, EGFR and PVR could have a 
synergetic activity, and lead to a polarisation of Rac activity, which favours linear migration. 
This hypothesis is consistent with the ability of both receptors to interact and activated the 
Rac GEF, Vav (Fernandez-Espartero, Ramel et al. 2013). To confirm that both receptors are 
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responsible for Rac activation and polarity in early phase, one possibility is to assess the 
localisation of Rac activity by using Rac FRET in border cells where activities of each 
receptor have been modulated separately.  
Once border cells have migrated half of the total migration distance, EGFR activity 
predominates. Indeed, border cells lacking EGFR are not able to reach the oocyte and stop at 
50% of the migration distance (Duchek and Rorth 2001). After reaching the middle of the 
migration, the signalling of EGFR goes mainly through NMII. However, the inhibition of 
EGFR does not fully prevent rotation in the late phase, suggesting that other cues may 
contribute to promoting rotation, as environmental forces (detailed above). 
 
III.2. Regulation of PVR and EGFR activities 
 
Even if we identified the key regulator responsible for the apparition of the rotational 
movements, we still do not know how the activities of both receptors are regulated. PVR 
signalling does not appear to be essential for the late phase (Duchek and Rorth 2001, Bianco, 
Poukkula et al. 2007). Questions that persist include “How can this be explained? Does PVR 
activity decrease in the late phase? Is the ligand PVF-1 limiting, or PVR saturating, in the late 
phase?” Modelling border cell migration reveals an exponential gradient of PVF-1, but not of 
EGFR ligands, with the highest concentration in the oocyte (Cai, Dai et al. 2016). There is no 
detectable gradient of PVF-1 concentration in the egg chambers in vivo, except when border 
cells overexpress PVR (Janssens, Sung et al. 2010). To date there is no data concluding that 
the concentration of PVF-1 becomes limiting in the late phase, close to the oocyte, by which 
PVF-1 is secreted. .Therefore, looking at the activity of both receptors is crucial to identify 
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clearly their function. By using an anti-phospho Tyrosin (pTyr) antibody, guidance receptors 
are found active and localised at the front of the clusters (Assaker, Ramel et al. 2010, 
Quinones, Jin et al. 2010, Geisbrecht, Sawant et al. 2013). The pTyr signals were never 
quantified in late phase of migration. In wild-type border cells, the polarised linear 
movements could be due to a polarised PVR activity. Later, in the second phase, a non-
polarised activity of EGFR, and a weak PVR activity, could be explained the activation of 
NMII and Rac in any cells. In addition, regulation of endocytosis has been demonstrated as a 
key mechanism for controlling activities of the guidance receptors. (Wan, Wang et al. 2013). 
 
III.3. Potential downstream targets of EGFR signalling 
 
III.3.1. Jun N-terminal kinase (JNK) 
 
While it is known that PVR signalling promotes a polarised activation of Rac, we do not 
know by which molecular pathway EGFR is activating NMII (Duchek, Somogyi et al. 2001, 
Fernandez-Espartero, Ramel et al. 2013). We propose that Jun N-terminal kinase (JNK) may 
also be involved in the control of the switch between linear to rotational behaviours. Its 
inhibition in border cells, leads to a linear movement, mediating by the inhibition of NMII and 
the polarisation of Rac activity (Chapter III – RESULTS). Complementary results are 
necessary to confirm the regulation of NMII activity by JNK signalling. If JNK is able to 
induce NMII activity and rotation, like in dorsal closure, it would be a good candidate for 
downstream effectors of EGFR (Stronach and Perrimon 2002). Moreover, Mathieu, Sung et 
al. 2007, demonstrated that JNK and PVR pathways may have an opposite effect on a 
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convergent target. Indeed, inhibition JNK and PVR enhanced the migration defect of PVR 
alone, as well as the combination of active JNK with inhibited PVR, which led to a stronger 
effect in the latter case (Mathieu, Sung et al. 2007).These data, in addition to our model, 
might be explained by the role of JNK on the balance between Rac and RhoA activities. If the 
antagonism between these two pathways is required for border cell behaviours, JNK could 
inhibit the polarisation of Rac activity via its possible positive regulation of 
RhoA/ROCK/NMII signalling.  
Therefore, our model puts forward the notion that JNK activates NMII while PVR inhibits it. 
In addition, the activation of NMII induced by JNK could be resulting in the induction of 
EGFR signalling. 
 
III.3.2. Small GTPase RhoA 
 
EGFR signalling may activate Rho small GTPases in many cellular contexts. EGFR can 
activate RhoA leading to a strong NMII activity (Ridley and Hall 1992, Nobes, Hawkins et al. 
1995). We demonstrated the NMII activity is required to induce a rotational movement for an 
efficient border cell migration. In this process, its major activator, the Rho-associated kinase 
(ROCK) (Chapter I – RESULTS), regulates NMII. The ROCK/NMII module signalling is 
mainly activated by the Rho small GTPase RhoA (Rho1 in Drosophila) (Hall 1998). 
However, while the activation of RhoA in border cells lead to an accumulation of NMII, it 
does not promote rotation. Nevertheless, RhoA can activate a plethora of signalling pathways. 
Actin organisation should be analysed in this background (Bishop and Hall 2000). Border 
cells with a strong activation of NMII induced by RhoA have a very round shape.  Persistent 
DISCUSSION– Chapter III Page	186	
 
or intense activation of NMII could block any movements of border cells (Chapter I – 
RESULTS). Moreover, due to the potential antagonism between RhoA and Rac, the level of 
Rac activity could be too weak to allow migration (Meili and Firtel 2003, Xu, Wang et al. 
2003, Burridge and Wennerberg 2004). The inhibition of RhoA in border cells leads to a 
polarised shape (Bastock and Strutt 2007, Aranjuez, Burtscher et al. 2016). The phenotype 
induces by the inhibition of RhoA is similar to the one observed for NMII or ROCK 
inhibition. Therefore, this suggests that RhoA should be the upstream signal to activate NMII 
and rotation events. Nonetheless, the study of RhoA activation is critical; in particular due to 
its effect on actin cytoskeleton via many signalling pathways. The activation of RhoA in 
border cells could lead to a disorganisation of actin cytoskeleton, explaining why the 
phenotype of the RhoA activation is not similar to the one of the active ROCK. Monitoring 
RhoA activity by comparing clusters in early and late phases could also confirm its role in this 
process. 
 
III.4. Identification of an antagonism between Rac and 
ROCK/NMII during border cell movements 
 
In order to explain why the PVR signalling pathway counteracts Rac activity in the late phase 
with the aim of giving way to EGFR-mediated NMII activation in the late phase, the potential 
antagonism between Rac and ROCK/NMII modules must be clarified. A balance between Rac 
and RhoA/ROCK/NMII signals is necessary for cell migration. During border cell migration, 
we found that during linear movement Rac is active and enriched at the front of the cluster, 
and NMII accumulation is weak (Chapters I and II – RESULTS). In contrast the rotational 
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behaviour is favoured by the activation of NMII, and the depolarisation of active Rac 
(Chapters I and II – RESULTS). Moreover, we were able to induce a change of border cell 
behaviour by acting on the localisation of the active Rac (Chapter II – RESULTS). Indeed, 
during linear movement, activating Rac at the back of the cluster to induce the depolarisation 
of Rac leads to the switch to a rotational behaviour. Accordingly, NMII accumulation is 
increased, and thus responsible for the rotation. On the other hand, activating Rac at the front 
of the cluster allows border cells to switch from the rotation to the linear movement, and this 
is dependent on the decrease of NMII accumulation (Chapter II – RESULTS). Therefore, 
future studies aim to identify the molecules regulating this antagonism to understand better 
what allows the apparition of the rotation behaviour. The Rho small GTPases effectors, GAPs 
and GEFs, are good candidates because of their regulating role of the activation status of the 
Rho small GTPases (Ohta, Hartwig et al. 2006, Levay, Bartos et al. 2013, Nakahara, Tsutsumi 
et al. 2015). 
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Chapter IV: Role of the cell-cell communication 
 
To efficiently migrate collectively cells within a group need to communicate. This 
communication allows the restriction of the emission of protrusions in the leader cells. 
Therefore, follower cells are not able to form membranes extensions. Previously, some 
proteins such as JNK and E-cadherin were identified to contribute to this intercellular 
communication during border cell migration (Llense and Martin-Blanco 2008, Cai, Chen et al. 
2014). However, it was previously demonstrated that both linear and rotational movements 
are present during border cell migration (Bianco, Poukkula et al. 2007, Poukkula, Cliffe et al. 
2011). The occurrence of these two movements is required for efficient migration in our 
model (Chapter I – RESULTS). During the rotational movement, border cells extend 
membrane protrusions not only in the direction of the migration (Poukkula, Cliffe et al. 2011). 
Moreover, Rac is no longer polarised in the leading region of the cluster (Chapter II – 
RESULTS).  
The loss of the intercellular communication in border cell clusters, through the inhibition of 
JNK, leads to a linear movement, and to stable Rac and protrusive activities. Thus we 
hypothesised that JNK signalling may be required in the activation of NMII and in the switch 
to the rotational behaviour (Chapter II – RESULTS). These data could suggest that the 
communication may also be required in order to allow border cells to adapt their movements, 
depending on environmental and/or molecular cues. Therefore, cell-cell communication 
would not be limited to its role in the restriction of leading protrusion, but could also allow for 
collective cells to overcome physical and molecular environmental changes. 
DISCUSSION– Chapter V Page	189	
 
  
DISCUSSION– Chapter V Page	190	
 
Chapter V: Analysis and modelling 3D rotating border cell 
clusters (collaboration with Guillaume Gay) 
 
The 3D rotational movement occurring during border cell migration was never been precisely 
quantified. As Rorth’s lab previously did, we quantified the persistence of the linearity of the 
movement and the rotation speed of border cells, in 2D (Chapter II – RESULTS). 
The development of 3D tracking method would be very helpful to acquire high magnitude of 
data necessary to develop an automatic method for the detection of the rotational behaviours. 
At present, our conditions of image acquisition and the resolution of the time-lapse images 
were not of suitable quality for their application in automatic 3D tracking software. Recent 
progresses in live imaging microscopy allowing to quickly acquiring high-resolution images, 
such as Lattice light-sheet fluorescence microscopy, would be envisaged to limit photo-
toxicity (Chen, Legant et al. 2014). It is foreseeable that in the future, easier discrimination 
between different types of collective movements could be set up. Our current method, which 
is still under development, is aimed at enhancing the robustness of the detection of the 
rotational events in order to compare several conditions in a statistical manner. Trajectories 
tracked should be homogenised in function of the cluster position in the egg chamber. 
Therefore, we could develop an automatic method to track and analyse collective cell 
behaviours in a 3D context. As many collective cells have to adapt their movements to the 
environment, it could be very helpful in order to discriminate and understand the role of 
different behaviours.  
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Moreover, this method combined with modelling of border cell migration in between nurse 
cells and within the egg chambers could be envisaged; and permit the analyses of many 
environmental parameters currenlty under study (Stonko, Manning et al. 2015, Cai, Dai et al. 
2016).  
Furthermore, such a method would help to understand why and how collective cancer cells 
modify their movement to adapt to different environments. 
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Chapter VI: General conclusions 
The main findings of my PhD thesis were the identification of the molecular mechanism 
controlling the transition from linear to rotational behaviour during the collective border cell 
migration. This change in movement is necessary for an efficient collective motility. 
Therefore, we demonstrated that NMII controls this transition, under the control of guidance 
signalling. 
Some preliminary results allow us to hypothesise that a balance between Rac, which controls 
the formation of protrusions, and RhoA, involved in cell contraction, may also participate in 
regulating the mode of motility. The JNK signalling might also contribute to regulating NMII 
activity. Our data adds to the growing body of information highlighting the role of the 
environment in the control of border cell migration and the molecular regulation of the switch 
between linear to rotational movements.  
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Figure 41: Hypothetical model of the regulation of collective movements during border cell 
migration. 
In early phase, PVR activity predominates. PVR is known to activate and polarise Rac at the 
front of the cluster. Therefore, activation of PVR leads to a linear movement. However, EGFR 
also contributes to the early phase. EGFR can activate Rac, but also NMII. Due to the 
predominance of PVR, in the early phase, the polarity of active Rac may be strongly activated 
by PVR. As Rac can have an antagonistic effect on RhoA/ROCK/NMII pathway, NMII might 
be inhibited.  
EGFR is the major guidance receptor activated in the late phase. EGFR activates NMII in 
border cells, through its kinase ROCK. EGFP could signal via JNK and RhoV14, known to 
control NMII activity. RhoA/ROCK/NMII may also antagonise the polarised activity of Rac. 
Therefore, the identification of effectors of Rac and RhoA during border cell migration might 
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complete the molecular mechanism inducing the switch from linear to rotational behaviour. 
Additionally, the external environment could also regulate this change of movements. Indeed, 
mechanical forces, as well as adhesions between border cells and their substrates may 
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